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And hark, the noise of a near waterfall!
I pass forth into light - I find myself
Beneath a weeping birch (most beautiful
Of forest trees, the lady of the woods)
Hard by the brink of a tall, weedy rock
That overflows the cataract.
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Abstract
Two of the most rapid drivers of evolution are hybridisation and polyploidisation. Hybrid-
isation allows the rapid introduction of novel genetic material, potentially much faster than
mutations, but this process is impeded by reproductive barriers between species. Differ-
ences in ploidy level can form such a barrier. Hybridisation as well as polyploidy are known
to occur frequently in the plant kingdom, including the genus Betula, which is investigated
in this thesis.
Three species of the Betula genus that exist in the United Kingdom are studied here:
B. nana (dwarf birch), B. pendula (silver birch), and B. pubescens (downy birch). They
differ in ploidy: B. nana and B. pendula are diploid and B. pubescens is a tetraploid.
Hybridisation and gene flow between these three species was analysed by using a RAD-seq
dataset derived from 196 wild individuals. It was found that introgression acts unidirec-
tionally from the diploid into the tetraploid species and that there is a cline of introgression
between the north and south of the UK. This result suggests a range shift of the species
from different distributions in the past.
Gene flow from B. nana to B. pubescens could be a neutral or even maladaptive con-
sequence of their past species distributions. Alternatively, it could be an adaptive process:
alleles from B. nana could be helping B. pubescens to adapt to harsher, more northerly
populations. To gain a preliminary understanding of the possible effects of introgression,
the loci in close linkage to RAD tags introgressed from B. nana into B. pubescens were
investigated and their putative function inferred by comparing their homologs in related
species.
To enhance the analyses, a draft whole genome sequence assembly of a B. nana individual
was improved with long read data generated by PacBio sequencing, as well as the addition
of RNA-seq data. This produced a more contiguous and complete reference sequence,
enabling a closer look at more genes in linkage to the RAD tags.
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Whole genome analyses offer interesting and new perspectives on the evolution of a variety
of organisms. Previously, limited by the availability of methods and financial resources,
many studies focused on analysing single genes or small regions of the genome to address a
certain disease or other traits (Metzker 2010). Taking into account the whole genome allows
for more general analyses and a broader view on evolution. Most research in genomics
has been done on humans or model organisms such as Escherichia coli, Saccharomyces
cerevisiae, Drosophila melanogaster, Arabidopsis thaliana, Danio rerio, or Mus musculus
(Armengaud et al. 2014). While this allows for in-depth analyses of vital processes of life,
findings are not always applicable to more distantly related non-model organisms (Ellegren
2014). Therefore there is a need for genome-wide analyses in non-models, especially in
plants, which are very diverse in their genome structures, partly because polyploidy plays
an important role in their evolution (Leitch and Bennett 1997; Otto 2007).
Trees are an important part of our environment as they create unique habitats for many
species of animals, insects, and other plants, but few trees have been developed as model
organisms. Apart from an economical interest in selective breeding of timber or fruit trees,
it has not been very common to research the genetics and genomics of forest trees (but
see Plomion et al. 2016) as there are several challenges. First, their size makes them hard
to grow under controlled lab or glasshouse conditions. This means that the immediate
study of wild-type individuals on which many environmental factors have been and still
are acting upon is often the only way to proceed. Second, the generation times of many
trees are several decades long, hence breeding experiments require a lot of time and re-
sources. Third, trees and plants in general often have large genomes (Kelly et al. 2012;
Michael 2014, Figure 1.1) with a high repeat content (e.g. Flavell et al. 1974; Feschotte
et al. 2002; Garrido-Ramos 2015) and frequent occurrence of polyploidy (e.g. Leitch and
Bennett 1997; Otto and Whitton 2000; Comai 2005). This makes molecular as well as
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in-silico experiments a lot more difficult. In addition to the above, studying a non-model
organism poses the challenge of not having a substantial body of previous research to build
upon. Often, rather basic pioneering work has to be done at the beginning of a non-model
organism genome project, including genome size estimation, chromosome counting, and
genome assembly, before in-depth evolutionary questions can be addressed.
Figure 1.1: Distribution of genome sizes across different phyla. Flowering plants (bottom
of the list) are at the upper end of the distribution and are also very variable in their genome
sizes (more than 2,300-fold; Kelly et al. 2012). Figure adapted from Wikipediaa (Author:
Abizar - CC BY-SA 3.0b).
a https://en.wikipedia.org/wiki/File:Genome_Sizes.png
b https://creativecommons.org/licenses/by-sa/3.0/deed.en
However, many of the aspects mentioned above also make it very interesting to study plants
in general and trees in particular. First, the fact that wild growing individuals are often used
ensures that findings are directly applicable to nature and e.g. conservation studies. There
is no step from in-vitro to in-situ. Second, their hardiness makes it less likely that a focal
individual dies throughout an experiment and it is often relatively easy to go back to a cer-
tain individual if re-sampling or re-assessment of some trait should be necessary. Third,
despite the frequent polyploidy being a challenge, it also makes it very interesting to study
genomes of plants and trees, as it has been shown to be an important mechanism in driving
evolution (Stebbins 1971; Grant 1981; Soltis and Soltis 1999; Levy and Feldman 2002;
Adams and Wendel 2005; Comai 2005; Renny-Byfield and Wendel 2014). An increasing
16
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amount of research is being done on the topic of polyploid evolution (an increase of publica-
tions of almost 150%, see Figure 1.2) and evidence suggests that not only plants underwent
polyploidy events (Wolfe 2001; Gregory and Mable 2005). Even fields like evolutionary
medicine and cancer research benefit a lot from studying polyploidy in plants, as similar
mechanisms seem to be playing a role (Storchova and Pellman 2004; Merlo et al. 2006;
Otto 2007).
Figure 1.2: Number of publications on the topic of polyploid evolution over the last 15
years. Google scholar was queried with the keywords ’polyploid evolution’ and the results
filtered per year. *value for 2016 is extrapolated from the 2,720 publications listed on
27/07/2016.
Unfortunately, many tree species suffer from diseases e.g. caused by fungi or insects. The
Acute Oak Decline, Ash Dieback, Dutch Elm Disease, or Sweet Chestnut Blight are just a
few examples1. In addition to that, climate change is posing a threat to trees. They do not
have the ability to move habitats should their current one become less suitable. This could
be due to a change of temperature, the amount of rainfall, other organisms moving into
their habitat and thus increasing competition, or additional events that introduce changes to
a previously constant environment.
Further aspects that play an important role in the evolution of many organisms and es-
pecially plants are hybridisation and introgression, which will be discussed in detail in
sections 1.4 and 1.5.
1For a more extensive list see: http://www.forestry.gov.uk/forestry/infd-9c9hhr
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1.2 The genus Betula
The genus Betula (birches) consists of about 60 species of which many form hybrids
between each other (Ashburner and Mcallister 2013). It belongs to the Betulaceae fam-
ily, which also comprises genera like alders (Alnus), hornbeams (Carpinus), and hazels
(Corylus) (Atkinson 1992, Figure 1.3a). For the most complete and recent phylogenetic
tree of the Betula species see Wang et al. (2016).
(a) Betulaceae family
(b) Genus Betula
Figure 1.3: Phylogenetic relationships within (a) the Betulaceae family based on a com-
bined data set from rbcL, ITS, and morphology (Figure adapted from Chen et al. (1999))
and (b) excerpt of the genus Betula based on ITS sequences (Figure adapted from Wang
et al. (2016)), including the species of interest here: B. nana, B. pendula, and B. pubescens.
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1.2.1 Focal Betula species
The species that is the focus of this thesis is Betula nana L. It is a shrub, commonly known
as dwarf birch, which mainly grows in Northern Eurasia. Its height ranges from 20 cm to
1 m and in contrast to many other birch species it has orbicular leaves (Figure 1.4). The
1C-value (genome size) of this diploid plant is about 450 Mb (Anamthawat-Jónsson et al.
2010; Wang et al. 2013). The other two Betula species that occur in the United Kingdom are
B. pendula (silver birch) and B. pubescens (downy birch). The former is a diploid species
with a genome size of about 440 Mb, whereas the latter is a tetraploid with a genome size
of 880 Mb (Anamthawat-Jónsson et al. 2010). The phylogenetic relationship between these
three species, amongst others, is shown in Figure 1.3b.
(a) Betula nana (b) Birch leaves
Figure 1.4: a) The Betula nana individual that was selected for whole genome sequencing
growing in a greenhouse at Queen Mary University of London. b) The upper and lower
side of a leaf from a (1) B. nana and (2) B. pubescens individual (Wang et al. 2013).
It has been shown that these three species hybridise where they co-occur (Anamthawat-
Jónsson et al. 2010). Their offspring can be of different ploidy levels (di-, tri-, or tetraploid)
and resemble one or the other parental species to a greater extent. It can be quite difficult to
distinguish hybrids from the original plants on a morphological basis (Wang et al. 2013).
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1.2.2 Relevance of Betula species
Betula nana presents a possible model organism because despite being a woody plant, its
size allows for it to be kept in greenhouses or laboratories. It is known to hybridise with
tree species from the Betula genus, e.g. B. pendula and B. pubescens. However, due to the
morphological differences to these species, it is easier to distinguish hybrids and possible
backcrosses from the parental species than is the case when B. pendula and B. pubescens
hybridise.
Another advantage is that is has been studied quite extensively, for example by Kesara
Anamthawat-Jónsson’s group from Iceland (e.g. Anamthawat-Jónsson and Thórsson 2003;
Thórsson et al. 2007; Karlsdóttir et al. 2009), Anna Palmé’s group from Sweden (e.g. Palmé
et al. 2004; Järvinen et al. 2004), and by Richard Buggs’ group from London (e.g. Wang et
al. 2013, 2014b), which leads to the availability of a range of studies and a small collection
of genomic resources. And finally, B. nana recently had its genome sequenced (Wang et al.
2013), which lays the foundations for many analyses in this thesis.
The analysis of the Betula genome can also play an important role with regards to an in-
vasion by the bronze birch borer (Agrilus anxius, BBB), a beetle that is native to North
America and a serious threat to the European birch species (Økland et al. 2012). It might
be possible to identify why some species are more resistant to BBB than others (Nielsen
et al. 2011), which could assist in breeding trees with low susceptibility to BBB. Climate
change might further increase the risk of BBB outbreaks and the susceptibility of certain
birch species to BBB (Muilenburg and Herms 2012).
Due to the ability of birch trees to re-colonise open spaces after fires or clear-cuttings,
they also have a great ecological value as early pioneering species (Hynynen et al. 2010).
Although the use of birch timber is limited, it has a cultural relevance in many countries and
is still used occasionally for making furniture, charcoal, brush turnery, firewood, plywood,
pulpwood, veneer, and tool handles (Atkinson 1992; Lee et al. 2015). Especially coun-
tries in Fenno-Scandinavia have recognised and are making use of their potential as timber
trees, with B. pendula found to have a greater yield than B. pubescens (Cameron 1996).
Birch leaves and sap is also found in some cosmetic and food products (e.g. shampoo,
lotions, tea, and liqueur).
1.3 Initiation of a new genome project
The process of establishing the genome for a previously unsequenced species or individual
is often very time-consuming. It involves the selection of an individual, the extraction of
DNA, the actual sequencing, assembling the raw reads (de novo or reference-based), and
finally the annotation of genes and other genome elements. The computational steps of this
are described in the following sections.
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1.3.1 Genome assembly methods
The two most widely used approaches in genome assembly are based on ’De Bruijn graphs’
and the ’overlap’ method. De Bruijn graphs are faster and usually used with next-generation
sequencing (NGS) data and attempt to assemble the short reads into longer contigs (e.g.
Compeau et al. 2011). The construction of De Bruijn graphs makes use of even shorter
sequences of length k, so called k-mers, which are usually around 25 bp long. After re-
moving duplicated k-mers, they are aligned to each other on a length of k-1. The presence
of sequencing errors or biological variation leads to the introduction of so called ’bubbles’
into the graph. These are regions where more than one possible trajectory along the graph
is possible. In a later step, these are either collapsed depending on the support for one of
the edges, or the graph is split and multiple strains are maintained as separate contigs.
Overlap methods are used for longer sequences, e.g. derived from Sanger sequencing. A
so-called ’greedy algorithm’ directly computes the maximum overlap between each pair of
raw reads and uses these to construct an assembly graph. This is, however, only feasible for
the assembly of a few long sequences with significant overlap, as it is more computationally
intensive than the De Bruijn graph method. Repetitive regions in a genome are also not
handled very well by the overlap method and pose a general challenge to accurate genome
assembly, especially with reads shorter than the average repeat sequence length (Treangen
and Salzberg 2012).
In the presence of a reference sequence, an assembly can be constructed by mapping new
sequence reads to the existing assembly or using it to scaffold a de novo assembly. This
will result in a similar, however not identical genome sequence. Single nucleotide or larger
structural variations need to be resolved according to pre-defined parameters. These include
replacing ambiguity with bases from the reference or the new reads, the introduction of
ambiguity codes, or filling regions of uncertainty with Ns.
Recent advances in methodology also introduced assemblers that maintain sufficiently well
supported bubbles in the final genome sequence, incorporating heterozygous sites (e.g. vg
- ’variant graph’2, Cortex by Iqbal et al. (2012), Platypus by Rimmer et al. (2014), or
’The Graph Genome Suite’ commercially available from Seven Bridges3).
1.3.2 The process of genome annotation
Genome annotation seeks to identify the location and roles of different sequences across
the genome. It lifts the quantitative approach of establishing the genome sequence of an
individual to a qualitative level enabling a focus on biological processes. Deriving a com-
plete genome annotation involves several computational steps, the principals of which are
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Repeat identification
In the beginning of an annotation process stands the repeat identification and repeat mask-
ing, which is important as repetitive elements present a major challenge to most annotation
software. A de novo repeat identification seeks to find any sort of repeat sequence, which
could include highly conserved protein-coding genes by mistake, e.g. tubulins and his-
tones. Therefore it is important to post-process the results from such analyses to minimise
the risk of masking false-positive regions of the genome. Another way to get around this is
to use homology-based tools, which look for known repeats from large databases in the re-
spective genome sequence. A pitfall with these is, however, that the repeat masking might
not be complete, depending on the extensiveness of the repeat database used. A further
approach is similarity-based clustering of sequencing reads (e.g. Novák et al. 2010, 2013).
Although repetitive regions are difficult to sequence in the first place, those that constitute
the sequencing data are often over-represented (Dodsworth et al. 2015) and can thus be
identified. After creating a custom repeat library for the target genome, it can be used to
mask the repetitive regions in the assembly and thus exclude them from the actual gen-
ome annotation. Several of the tools designed to discover, identify, and mask repeats are
reviewed in e.g. Bergman and Quesneville (2007), Lerat (2010), and Yandell and Ence
(2012).
Evidence-based annotation of genes
One of the most essential aspects of genome annotation is to identify where protein-coding
genes start and end. This relies at a minimum on a high quality genome assembly (e.g.
N50 value4 that is at least gene-sized). Evidence may be provided by expressed sequence
tags (ESTs), RNA-seq data, or protein sequences that are aligned to the assembly, upon
which gene predictions are generated. In the absence of these, data from closely related
species can be used as well. In further steps these predictions have to be verified, which is
usually an automated process based on machine learning techniques. Finally, visualising
the results and a quality control precede the publication of the annotated genome ideally to
publicly available databases. And even then, as Yandell and Ence (2012) phrased it, ’Like
parenthood, annotation responsibilities do not end with birth.’
Ab initio annotation
A slightly different approach is used in ab initio methods of genome annotation. They are
based on mathematical models alone instead of incorporating additional data to identify
genes in the assembled genome sequence. This is very useful when external evidence is
not available. However, for a de novo annotation it is less suitable as the training part of
4A statistical measurement to assess the contiguity of an assembled genome (generally, the higher the better).
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the mathematical models is highly organism specific and even the use of data from closely
related species can have an impact on the accuracy of the results (Korf 2004). Therefore, the
dataset comprised of core eukaryotic genes, CEGMA5 (Parra et al. 2007), can facilitate de
novo annotation. As many organisms share a substantial amount of genes due to common
ancestry, these core eukaryotic genes can be used to train machine learning methods on new
genomes. There is a wide range of annotation software available, each having strengths in
different applications (reviewed e.g. in Yandell and Ence 2012).
Usually, a combination of the above mentioned annotation methods are used, e.g. an
evidence-based annotation can be used to train gene models for an ab initio annotation.
1.4 Speciation vs species extinction through hybridisation
“We used to make fun of Edgar Anderson6 by saying that he was finding hybrids under
every bush. Then we realised that even the bushes were hybrids.” - Warren H. Wagner
1.4.1 Definition and mechanisms
Hybridisation is defined as the crossbreeding between individuals of different species and
there is a lot of evidence for extensive hybridisation occurring in nature. It has been shown
that 25% of plant species hybridise and even up to 10% of animals seem to interbreed with
at least one other species (Schwenk et al. 2008). Especially in reptiles, amphibians, insects,
and fish this is very common (e.g. Bogart 1979; Beçak and Beçak 1998; Evans et al. 2012;
Beçak 2014; Zhang et al. 2016).
After a first contact between two species (which can for instance be mediated by climate
change or human interaction) first filial generation (F1) hybrids of varying viability and
fertility are produced. This can only happen, however, in the absence of reproductive in-
compatibilities (e.g. gametic, temporal, or mechanical). F1 hybrids are often of lower
fitness, though exceptions to this have been found (Mallet 2005). They can resemble one
or the other parent to a greater extent, both phenotypically and genetically. Depending on
the fecundity and frequency of these F1 hybrids, backcrossing with one or both of the par-
ental species may occur, which in turn leads to the exchange of genetic material between the
involved species (Anderson 1949; Rieseberg and Carney 1998). This process is called intro-
gressive hybridisation or introgression and will be described in further detail in section 1.5.
Introgressed individuals can be the progeny of any combination of hybrids, original spe-
cies, or later generation backcrosses. They are often difficult to distinguish from the par-
ental species on the basis of morphological characteristics (Mallet 2005). The loci that are
5Core Eukaryotic Genes Mapping Approach
6Edgar Anderson (1897 - 1969) was an influential American botanist who contributed massively towards the
research on hybridisation and introgression.
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transferred from one genome into the other can be deleterious as well as advantageous to
the recipient (Mayr 1963; Arnold 1997; Gilbert 2003), but are likely to be neutral in most
cases. If hybridisation events continue for several generations, a range of scenarios is pos-
sible. The genomes of the involved species can begin to converge (resulting in one hybrid
species only, e.g. Grant et al. 2004), a new hybrid species might be formed (in addition to
the other two already existing species, e.g. Rieseberg et al. 1993; Ferguson and Sang 2001;
Mavárez et al. 2006; Soltis and Soltis 2009; Abbott et al. 2013), and there is the risk of one
(or both) of the original species being driven to extinction (leaving one parental and pos-
sibly the hybrid species, e.g. Levin et al. 1996; Rhymer and Simberloff 1996; Wolf et al.
2001). Speciation with ongoing gene flow is also not uncommon (Mallet 2005) and might
serve as a repair or replacement strategy for damaged alleles (Rieseberg 2009).
Hybridisation can also lead to the formation of a hybrid zone between two species. This
can be a stable zone that clearly separates the parental species and the hybrid from each
other, which may co-occur side by side for a long period of time. The hybrid zone can also
be dynamic in space and time (Barton and Hewitt 1981; Buggs 2007), especially if it is a
tension zone, i.e. if the fitness of the hybrid is lower than that of the parents (Key 1968).
Possible causes for its movement include a dominance drive (Moran 1981), a climatic or en-
vironmental change (Parmesan et al. 1999; Bull and Burzacott 2001), asymmetrical cross-
ing (Buggs 2007), or human intervention e.g. through deforestation (Dasmahapatra et al.
2002). However, different environmental and demographic situations will create different
patterns of hybridisation (Excoffier et al. 2009).
1.4.2 Methods to detect hybridisation
The detection of hybridisation is a challenging task but there are several methods available.
In a few cases, the detection might be possible by observation of morphology, but only if
there are fixed, visual differences between the species, e.g. if organisms are differentially
coloured (Mallet et al. 1998; Grant et al. 2003; Pfennig 2003; Mallet 2005). In other cases,
molecular markers prove to be the more promising. These include organelle markers, single
nucleotide polymorphisms (SNPs), microsatellites (simple sequence repeat markers, SSRs),
and expressed sequence tags (ESTs) (Mallet 2005; Twyford and Ennos 2011). Organelle
markers (from mitochondria or chloroplasts) provide information about the direction of
introgression, as they are inherited from only one parent (in plants usually maternally).
SSRs are valuable because they are very variable and cost-efficient in their production.
ESTs are especially useful with regard to understanding which genes are introgressing from
one genome into the other: by performing a BLAST search of the candidate introgression
loci, for instance, annotated sequences can be used to infer their functions.
For genome-wide studies, markers should have a high density in the genome and be dis-
tributed across its whole length. Currently, the most feasible way of achieving this is to
use NGS technologies (Twyford and Ennos 2011). Restriction site associated DNA (RAD)
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sequencing, for example, is a cost-efficient method, which ensures that the same regions in
every genome are sequenced, facilitating the comparison of the individuals under investiga-
tion. For further detail, see section 1.6 on SNP calling and RAD sequencing. Buggs (2007)
draws attention to the fact that it is not advisable to rely solely on molecular markers when
analysing a hybrid zone, as interpretation may be ambiguous. Wherever possible, historical
and geographical evidence should be considered in addition.
1.4.3 Impact of hybridisation on evolution
One of the many hypotheses of the impact of hybridisation is that it leads to evolutionary
adaptation and accelerates speciation (e.g. Rieseberg et al. 1993; Barton 2001; Abbott et al.
2013). It can be seen as a creative evolutionary process that introduces genetic novelties,
e.g. through gene flow, which acts much faster than mutations (Anderson and Hubricht
1938; Martinsen et al. 2001; Mallet 2005). It is believed that hybridisation can increase
the fitness of the introgressed lineage, due to the introgression of advantageous genes, even
if the F1 hybrids on the whole are of lower fitness (reviewed in Arnold et al. 2008). The
reinforcement of reproductive barriers, caused by selection for assortative mating, might
be another impact of hybridisation (e.g. Arnold 1992; Butlin 1995). Polyploidisation, i.e.
the doubling of an organism’s genome content, which is often related to hybridisation, is
regarded as a major contribution to speciation (in angiosperms this seems to be the case for
up to 4% of the events; Otto and Whitton 2000).
1.4.4 Role in extinction
Another impact of hybridisation is its possible threat to one (or both) of the parental spe-
cies and its role in the path to extinction. Several interacting parameters influence the
possible extinction of a species and there is great variation in the causative effect of each.
For example, if a species consists of only a few and/or small populations, it is an island
population, or is already endangered by other causes (e.g. infections by pests or habitat
decrease through climate change), it is generally more likely to go extinct through hybrid-
isation (Levin et al. 1996; Rhymer and Simberloff 1996; Wolf et al. 2001). Even if hybrids
prove to be sterile, this risk persists, as every instance of inter-specific mating would be a
lost one from the parental species’ point of view and thus reduce the amount of offspring
that can contribute to the next generation. Stace (1975) predicted that on the British Isles,
around 10% of protected species (of which there are currently 1,150, including 334 plants;
JNCC DEFRA 2013) could go extinct as a result of hybridisation and introgression through
backcrossing.
A moving hybrid zone can also lead to a species’ extinction. Buggs (2007) points out that
introgression patterns can be misinterpreted by assuming that the species which remains
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genetically pure would not be under threat. However, in a moving hybrid zone, a species
that is capable of reproducing with the hybrid and thus contains introgressed genes, may
eventually invade the other species’ habitat. In certain circumstances (as outlined above)
this could lead to its extinction.
1.4.5 Conclusion and examples
Referring to the title of this section, ’Speciation vs species extinction through hybridisa-
tion’, it is probably arguable that the ’vs’ is in fact an ’and’. Both speciation and species
extinction can be mediated by hybridisation and subsequent introgression. The factors de-
termining whether one or the other will occur are numerous and it is not easy to predict
which will happen. Initial species frequencies, fertility of the hybrids, a species’ selfing
rate, and many other parameters play an important role (Wolf et al. 2001).
There are plenty of examples for either of the outcomes. The homoploid species Paeonia
officinalis (European peony) seems to have arisen by the hybridisation of two allotetraploid
species, P. peregrina and P. arietina (Ferguson and Sang 2001). Another example of hybrid
speciation is the butterfly species Heliconius heurippa. It is the progeny of a backcross
between H. melpomene, H. cydno, and their F1 hybrids. A strong reproductive barrier
has now formed between all three species (Mavárez et al. 2006). On the other hand, a
case of speciation with ongoing gene flow has also been reported in Heliconius butterflies
(Martin et al. 2013). They estimated that the shared genome content of H. melpomene
with H. timareta was as high as 20% to 40% and mainly attributed this to continuous gene
flow since speciation, as the estimate of admixture over recent time periods is much lower
(2% to 5%; The Heliconius Genome Consortium 2012). In 1909 Primula kewensis (Kew
primrose) suddenly evolved from the hybridisation between P. verticillata and P. floribunda
(Ramsey and Schemske 2002). However, Matthews et al. (2015) have shown with the
example of Tragopogon pratensis and T. porrifolius that even 250 years of hybridisation do
not necessarily lead to speciation.
In the genus Argyranthemum (marguerties) on Tenerife, Canary Islands, examples for both
speciation and extinction through hybridisation can be found. A rare case of multiple dip-
loid hybridisation has been described by Borgen et al. (2003). A. lemsii and A. sundingii
are both species of hybrid origin with the same parental species, A. broussonetii and A.
frutescens, but differing in which of the latter species is the chloroplast donor (Brochmann
et al. 2000). On the other hand, Levin et al. (1996) mention the rapid decline of A. coronop-
ifolium after the building of new roads provided reproduction corridors with A. frutescens
(Humphries 1976; Brochmann 1984). The former species has now nearly gone extinct.
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On the British Isles, Stace (1975) explored the hybridisation of Saxifraga hirsuta (Robertso-
niana Saxifrage) and S. spathularis where the hybrid has almost entirely replaced the ori-
ginal species. Rhymer and Simberloff (1996) point out that the California sycamore
(Platanus racemosa) along the Sacramento River is in danger of extinction through in-
trogression with the London plane (P. acerifolia, which is itself a hybrid).




The transfer of genetic material between two or more different species is called introgres-
sion. It follows after a hybridisation event, as it requires the backcrossing of a fertile hybrid
and at least one of the parental species. Mallet (2005) termed this process ’an invasion of the
genome’. It leads to a reticulate rather than hierarchical evolutionary trajectory resembling
a network instead of a phylogenetic tree (Willyard et al. 2009, Figure 1.5a).
Incomplete lineage sorting
Incomplete lineage sorting (ILS) involves an ancient polymorphism, which occurred before
the speciation event (or in coalescent terms after the point of speciation) and is thus present
in several lineages (Mao et al. 2010, Figure 1.5b). The delay in allelic coalescence is
especially apparent for woody trees due to their outcrossing mating system, the high within-
species heterozygosity, their long generation times, and usually large effective population
sizes (Rosenberg 2003). These factors make ILS a common feature in tree species (Willyard
et al. 2009).
Figure 1.5: A phylogenetic view on the patterns caused by (a) introgressive hybridisation
and (b) incomplete lineage sorting. Adapted from Twyford and Ennos (2011).
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Biogeography
Biogeography is the study of a species’ distribution on a geographic and evolutionary level.
Commonly used methods to investigate such geographic patterns include the study of fossil
and pollen records and the analysis of organelle markers. In addition to that, it is important
to include data such as historical records, climate data, information about human inter-
vention, ecological, and geographical knowledge. A species’ occurrence during the Last
Glacial Maximum (LGM) is also often part of such studies. A phylogeographic (Avise
et al. 1987) approach, i.e. matching findings from phylogenies to the past or present geo-
graphy of an organism (Avise 2009), is also widely used in this context (e.g. Guggisberg
et al. 2006; Thórsson et al. 2010).
1.5.2 Methods to detect allele sharing
A general indicator for either introgression or ILS is the observation that between-species
variation is smaller than the within-species variation for a given locus, as alleles at poly-
morphic loci will be shared among the species. This leads to an incongruence between the
phylogenetic and gene trees (Nichols 2001; Baack and Rieseberg 2007). In the presence of
current hybridisation it is possible that shared loci introgressed recently. In the absence of
recent hybridisation (e.g. if species are isolated by geography or ecology), shared alleles
might be caused by ancestral polymorphisms or ancient introgression. When detecting al-
lele sharing between species, it can be useful to also identify unique regions of the genomes
(perhaps involved in species-specific reproduction; Hohenlohe et al. 2011). The extent of
(non-) shared alleles can be used to assess reproductive barriers between the involved spe-
cies. If introgression is assumed, this can then be used to determine how and in which
direction hybridisation has acted upon gene flow, as the mating system plays an important
role in the success of introgression (Wolf et al. 2001).
1.5.3 Differences between introgression and ILS
It is important not to confuse a pattern of introgression with ILS (Zhou et al. 2010). The
more recent speciation happened, the more difficult it is to distinguish between them (Pol-
lard et al. 2006). An introgression-specific pattern is high allele sharing near a hybrid swarm
and a cline of shared alleles decreasing with distance from the zone of hybridisation. This
biogeographic pattern is generally not detected under ILS. In contrast to ILS, after intro-
gression fewer alleles will be fixed due to shorter coalescence times (Barton 2001). The
DNA sequences of introgressed loci are also more similar to each other than those that are
the result of ILS. This set of evidence (biogeography, fixation, and divergence) can help to
distinguish between introgression and ILS.
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Statistical approaches to aid the differentiation include Patterson’s D statistic (also known
as ABBA-BABA test; Green et al. 2010; Durand et al. 2011) and the recently published
RNDmin summary statistic (Rosenzweig et al. 2016), which claims to be more robust than
Patterson’s D with regard to mutation rates and divergence times. The ABBA-BABA test
is based on coalescent trees from four species (P1, P2, P3, and an outgroup O). Their re-
lationship needs to be in the form of (((P1, P2), P3), O). Based on SNP markers, sites are
then categorised into ’ABBA’ and ’BABA’ patterns, with ’A’ denoting ancestral alleles and
’B’ derived alleles. ABBA indicates that P1 displays the ancestral state shared with the out-
group, whereas the non-sister species P2 and P3 share a derived allele. BABA means that
P1 and P3 share the same derived allele and P2 carries the ancestral allele, as defined by the
outgroup. Under ILS these two patterns should be equally likely and an excess of one over
the other is an indicator for gene flow between the species (Durand et al. 2011). This can
be measured by Patterson’s D statistic (Green et al. 2010). These and further methods are
discussed in detail in e.g. Joly et al. (2009), Martin et al. (2015), and Geneva et al. (2015).
1.5.4 Conclusion and examples
The differentiation between patterns of introgression and incomplete lineage sorting is a
challenging task as reliable methods remain underdeveloped. So far, a biogeographic ap-
proach seems to be the most promising but requires a well-studied hybrid zone between
the species (especially taking into account the historical dynamics of the hybrid zone). The
approach is also highly dependent on the size of the area under investigation.
Assessing a combination of molecular markers, such as from organelles and the nucleus,
also seems to be a promising method. Morando et al. (2004) used mitochondrial DNA,
phylogeographic inferences, and population genetic methods to demonstrate the occurrence
of both introgression and ILS in the Liolaemus darwinii complex (iguanid lizards). Zhou
et al. (2010) assessed both chloroplast and mitochondrial markers in two species of pine
and interpreted the genomic signal as a result of ILS rather than introgression. Their main
argument was the underlying geographical distribution of the pattern and the observed rate
of intraspecific gene flow. Wang et al. (2014b) also used a biogeographic approach to the
problem of differentiating between introgression and ILS in three Betula species.
1.6 SNP calling and RAD sequencing
Single nucleotide polymorphisms (SNPs) are variations of a single base pair in the genomes
of individuals of the same or closely related species. Most commonly, SNPs are found as
two different alleles with one occurring in a higher percentage amongst the species than
the other. These subtle differences can have an impact on phenotypes, including how an
individual responds to a pathogen. They can also be used to differentiate between species
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and thus to investigate relationships between individuals. In evolutionary terms, SNPs have
a great potential to shed light on common ancestry and speciation times, amongst others
(Brumfield et al. 2003; Morin et al. 2004). SNPs have a lower mutation rate than e.g.
microsatellites or mitochondrial sequences (Morin et al. 2004) and thus reflect more distant
evolutionary processes rather than a temporary snapshot of current events.
Restriction site associated DNA sequencing (RAD-seq) has shown to be promising for
genome-wide analyses of SNPs (e.g. The Heliconius Genome Consortium 2012; Nadeau et
al. 2013; Lamer et al. 2014; Eaton et al. 2015; Ford et al. 2015; Stankowski and Streisfeld
2015). With RAD-seq a large number of the same loci in individuals of a population can
be identified. Instead of sequencing the whole genomes of all individuals, which would be
very expensive and make subsequent computational analyses difficult, RAD-seq provides
a fast and affordable way of generating data for SNP calling. Short regions around re-
striction sites, which are specific to a given enzyme but should be largely the same across
individuals within a species, are sheared, amplified by PCR, and sequenced, including tags
to distinguish between individuals of the same population. It is assumed that the restric-
tion sites are distributed randomly across the genome, which should result in an unbiased
subset of genomic regions. The resulting RAD-tags are between 50 and 150 bp in length
(depending on the sequencing technology used) (Davey et al. 2011) and the quantity of
the sequencing data remains in the range of bioinformatic analyses (as opposed to whole
genome sequencing on many individuals).
1.7 Outlook on this thesis
The questions I am trying to answer in this thesis are:
• What is the extent of allele sharing between Betula nana, B. pendula, and B. pubescens?
• Is there a geographical pattern in allele sharing indicative of introgression?
• Is the introgression between the three species directional? If so, in which direction?
• Are introgressing loci randomly distributed across the genomes? Or are they enriched
in e.g. repetitive or genic regions?
• What are the putative functions of these introgressed loci in the expanding species?
In addition to finding answers to the above questions, I am providing new genomic re-
sources for the analysis of Betula species, which will hopefully be useful for a deeper
understanding of other genera as well. I am also introducing new methods for the analysis
of variants in polyploids and for making the best use of limited genomic resources.
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In order to establish Betula nana as a new model-organism for the study of hybridisation,
introgression, and adaptation to climate change, I conducted a variety of analyses presen-
ted in chapters 2, 3, and 4. After these, I discuss my findings in the general discussion
(chapter 5).
The application of SNP calling in the genus Betula was rather challenging as many of the
commonly used methods were developed for diploid species, but some Betula species (e.g.
B. pubescens) are polyploid. Hence, we developed our own methods to be able to call SNPs
and quantify allelic dosage in organisms with mixed ploidy levels. Similar to gene expres-
sion analyses, read counts were used for this approach (see sections 2.3.3, 2.3.4, and 2.3.5).
With this method, genetic structure between the three Betula species was characterised and
interpreted (chapter 2).
I have then re-assembled the B. nana genome with PacBio and RNA-seq data (chapter 3),
analysed its repeat content, and further investigated the gene flow from B. nana into
B. pubescens with regard to its possible functional consequences (chapter 4). This could
help in understanding the population history of Betula in Britain and aid in conserving the
original species through the development of planting guidelines.
Side projects
During my PhD I was also involved in the following projects which led (or will lead) to
further publications:
Ash dieback I conducted the lab work for the de novo sequencing of Fraxinus excelsior
(common ash), which is threatened by ash dieback. I also tested several methods used
in this thesis on the ash data set. The genome project was led by Elizabeth Sollars
and has been accepted for publication in the journal Nature.
Adaptation in B. nana Some of the results from chapter 2 were used in a study of local
adaptation in B. nana. This study was led by James Borrell and the manuscript is
currently in preparation for submission to the journal Ecology Letters.
Structural variations in Betula platyphylla I aided the identification of a mis-assembly
in B. platyphylla while searching for structural rearrangements between its genome
and B. nana. The study was led by Yucheng Wang and is currently under review in
The Plant Journal.
Meeting report I co-authored a meeting report on the 46th annual PopGroup conference
in Glasgow in December 2012, which was published in the journal Genome Biology:




introgression among British birch trees
with shifting ranges shown by RAD
markers
Publication information:
This chapter is based on a paper published in Molecular Ecology, for which I was the
lead author. Nian Wang, James Borrell, and Richard Buggs sampled the data; Nian Wang
and James Borrell extracted DNA for sequencing; Igor Kardailsky co-developed genotyp-
ing method; Anika Joecker co-developed analysis pipeline; Richard Nichols helped to do
cline analysis using mixed-effect models and developed the beta-binomial method; Richard
Buggs supervised the project and helped putting together the manuscript. All authors con-
tributed to editing and commenting on the original manuscript.
Zohren J, Wang N, Kardailsky I, Borrell JS, Joecker A, Nichols RA, Buggs RJA (2016).
’Unidirectional diploid-tetraploid introgression among British birch trees with shifting
ranges shown by RAD markers.’ Molecular Ecology, 25(11): 2413-2426.
2.1 Summary
Hybridisation may lead to introgression of genes among species. Introgression may be bid-
irectional or unidirectional, depending on factors such as the demography of the hybridising
species, or the nature of reproductive barriers between them. Previous microsatellite stud-
ies suggested bidirectional introgression between diploid Betula nana (dwarf birch) and
tetraploid B. pubescens (downy birch) and also between B. pubescens and diploid B. pen-
dula (silver birch) in Britain. Here introgression among these species is analysed using
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51,237 variants in restriction-site associated (RAD) markers in 194 individuals, called with
allele dosages in the tetraploids. In contrast to the microsatellite study, unidirectional in-
trogression into B. pubescens from both of the diploid species was found. This pattern fits
better with the expected nature of the reproductive barrier between diploids and tetraploids.
As in the microsatellite study, introgression into B. pubescens showed clear clines with in-
creasing introgression from B. nana in the north and from B. pendula in the south. Unlike
B. pendula alleles, introgression of B. nana alleles was found far from the current area of
sympatry or allopatry between B. nana and B. pubescens. This pattern fits a shifting zone
of hybridisation due to Holocene reduction in the range of B. nana, and expansion in the
range of B. pubescens.
2.2 Introduction
Many species - especially of plants - have a history of whole genome duplication, leading
to polyploidy (Stebbins 1971; Grant 1981; Soltis et al. 2004). Many polyploid species
arise from the hybridisation of two or more parental species and are known as allopoly-
ploids. The establishment of a new polyploid species requires a degree of reproductive
isolation from related diploid species (Levin 1975), but low levels of hybridisation and
introgression among species may occur (Petit et al. 1999; Abbott et al. 2013). Tracing
patterns of introgression among species may help us to understand their population histor-
ies and the dynamics of their evolution (Buggs 2007; Currat et al. 2008; The Heliconius
Genome Consortium 2012; Lamichhaney et al. 2015). Polyploidy itself may affect the dy-
namics of introgression: Stebbins (1971) pointed out that introgression of alleles from a
diploid to a tetraploid species is more likely to occur than vice versa. He argued, (1) that
triploid hybrids, which occur between diploid and tetraploid parents, mainly produce tet-
raploid progeny under open pollination (Stebbins 1971, p.149) citing experimental evidence
in Dactylis (Zohary and Nur 1959); and (2) that unreduced gamete formation by diploids
could sometimes give rise to hybrid tetraploids via fertilisation of the gametes of tetraploid
plants. In support of the idea of unidirectional introgression into tetraploids, Stebbins cited
five examples of a widespread tetraploid species showing morphological similarity to local
diploid species. A handful of studies have since provided evidence in favour of Stebbins’
hypothesis based on experimental data from wild populations of various plant species (e.g.
Slotte et al. 2008; Chapman and Abbott 2010; Jørgensen et al. 2011; Han et al. 2015).
The genus Betula (birches) comprises about 60 species of trees and shrubs, among which
polyploids are common (Ashburner and Mcallister 2013; Wang et al. 2016) and hybridisa-
tion is frequent (e.g. Anamthawat-Jónsson and Tomasson 1990; Anamthawat-Jónsson and
Thórsson 2003; Anamthawat-Jónsson et al. 2010; Palmé et al. 2004; Ashburner and Mc-
allister 2013; Wang et al. 2014b; Thomson et al. 2015). The genus is widespread in the
Northern Hemisphere with species ranging from north of the Arctic Circle (B. nana) to the
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subtropics (B. alnoides). In Britain, there are three native birch species, diploid B. nana
(dwarf birch), diploid B. pendula (silver birch), and allotetraploid B. pubescens (downy
birch). Betula nana belongs to section Apterocaryon (subgenus Betula) and B. pendula
and B. pubescens are of section Betula (subgenus Betula, Ashburner and Mcallister 2013).
B. pendula is thought to be one parent of B. pubescens, with the other parent hypothes-
ised to be B. humilis (Walters 1968; Howland et al. 1995), though as yet not proven
(Anamthawat-Jónsson et al. 2010). Analyses of pollen records suggest that B. nana was
once widespread throughout Britain (Wang et al. 2014b). Today, however, B. nana has
retreated into mountainous areas of Scotland, while B. pubescens and B. pendula are wide-
spread. Studies on other tree species suggest that such range shifts can be strongly affected
by climate change (Lenoir et al. 2008; Zhu et al. 2012).
Hybridisation has been shown to occur between B. pendula and B. pubescens (e.g. Palmé
et al. 2004; Wang et al. 2014b) and between B. nana and B. pubescens (e.g. Anamthawat-
Jónsson and Tomasson 1990; Anamthawat-Jónsson and Thórsson 2003; Anamthawat-Jónsson
et al. 2010; Wang et al. 2014b). A ’triploid block’ (Marks 1966), as reported in other
interploidal crosses (e.g. Woodell and Valentine 1961; Lafon-Placette and Köhler 2016),
has not yet been shown to prevent hybridisation among Betula species. However, it has
been suggested that low temperatures in the North facilitate hybridisation in Betula (Eriks-
son and Jonsson 1986) while an asymmetric pattern of introgression previously described
between B. nana and B. pubescens suggests that backcrossing of hybrids mainly occurs
with B. pubescens rather than with B. nana (Wang et al. 2014b; Eidesen et al. 2015). Hy-
brids of B. pubescens and B. pendula have been reported very frequently and are often
described as B. x intermedia (Kenworthy et al. 1972).
Anamthawat-Jónsson and Tomasson (1990) compared chromosome complements in tet-
raploid B. pubescens, diploid B. nana, and their hybrids from Iceland. They found triploid
hybrids between the two species showing variable viability and fertility, and some were
morphologically very similar to a parental species (Thórsson et al. 2007). They sugges-
ted that these triploids make introgression from B. nana into B. pubescens possible, and
confirmed this using gene mapping on chromosomes and genomic in situ hybridisation
(Anamthawat-Jónsson and Thórsson 2003). Karlsdóttir et al. (2009, 2014) reported evid-
ence for Holocene hybridisation between B. nana and B. pubescens in Iceland using pollen
analysis from peat profiles, while Eidesen et al. (2015) obtained evidence for hybridisation
between them based on surveys of AFLP and plastid DNA (pDNA) variation in popula-
tions across Europe and North America. Eidesen et al. (2015) further noted that AFLP
introgression from B. nana to B. pubescens increased at more northerly latitudes. Palmé et
al. (2004) found extensive chloroplast haplotype sharing among B. nana, B. pendula, and
B. pubescens in Russia and Europe, indicative of hybridisation, while Wang et al. (2014b)
obtained evidence for bidirectional introgression between B. pubescens and the diploid spe-
cies, B. nana and B. pendula, based on an analysis of twelve microsatellite loci. In addition,
Wang et al. (2014b) detected latitudinal clines in level of introgression within B. pubescens.
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The discovery of bidirectional introgression was unexpected, given the ploidy level differ-
ences among the three British birch species, but the cline of B. nana alleles penetrating
deep into the range of B. pubescens provided striking confirmation of the hypothesis that
trails of introgression can reflect past hybrid zone movements due to climate change. Wang
et al. (2014b) argued that because shared alleles between B. nana and B. pubescens formed
a cline they were not the result of incomplete lineage sorting, as this should not elicit a geo-
graphic signal (Barton 2001), but due to introgression. It was also reasoned that the length
of the cline of B. nana alleles into B. pubescens was too great to be explained by gene flow
only from the current range of B. nana, but could be explained in terms of a larger distri-
bution of B. nana in the past and a gradual retreat of this species due to climate change and
habitat loss, accompanied by hybridisation with advancing populations of B. pubescens. In
order to test the trustworthiness of the clines found in the microsatellite study and ascertain
whether the results for the twelve loci are representative of genome-wide patterns of intro-
gression, we here present a study that examines variation for thousands of RAD markers
among the three species using a subset of individuals from Wang et al. (2014b).
The present study required accurate genotyping of thousands of markers in many individu-
als, which is challenging in polyploids (reviewed in Dufresne et al. 2014). Whereas in a
diploid the presence of two alleles can be unambiguously assigned to an exact genotype
(e.g. ’AT’), in a tetraploid, the presence of two alleles can be due to any of three possible
genotypes with different allele dosages (e.g. ’AAAT’, ’AATT’, and ’ATTT’). The number
of possible genotypes increases for levels of polyploidy higher than tetraploid. Further-
more, it is possible for a locus in a polyploid to be triallelic or even tetra-allelic. Thus,
while many studies have analysed introgression at genome-wide SNP markers among dip-
loid species (e.g. Lam et al. 2010; Hohenlohe et al. 2011; Amish et al. 2012; Stölting
et al. 2013; Rheindt et al. 2014; Hand et al. 2015; Christe et al. 2016; Kenney and Swe-
igart 2016), only a few studies have analysed introgression for SNPs between diploid and
polyploid species (e.g. Arnold et al. 2015; Clark et al. 2014, 2015).
Few tools exist that use NGS read-count data to call genotypes with allele dosages in poly-
ploids. Uitdewilligen et al. (2013) used FreeBayes (Garrison and Marth 2012) to genotype
biallelic SNPs with dosage information in autotetraploid potato. Blischak et al. (2016) de-
veloped the R package POLYFREQS to genotype autopolyploids from read counts at biallelic
SNP loci where each locus has no missing data, while Arnold et al. (2015) used GATK
(McKenna et al. 2010) to genotype biallelic SNPs in autotetraploid Arabidopis arenosa.
Other recent methods such as HANDS (Mithani et al. 2013), PolyCat (Page et al. 2013),
and SNiPloid (Peralta et al. 2013) assign SNP alleles to specific sub-genomes of allopoly-
ploids, relying on data from known diploid progenitors. We decided to construct our own
pipeline to genotype tetraploid B. pubescens as: (1) it is an allotetraploid, and therefore
may have loci that are tri- or even tetra-allelic; (2) we are using RAD markers and are thus
likely to have high levels of missing data; and (3) we do not have genome data from its
diploid progenitors, which are still not known with certainty.
35
2. Unidirectional introgression 2.3. Materials and methods
Here a new RAD-sequence dataset for populations of B. nana, B. pendula, and B. pubescens
from across Britain is presented. Variant loci were identified using the CLC Genomics
Workbench and read count data was used to confirm the ploidy level of each individual
applying a method similar to one used by Arnold et al. (2015). Using a custom script, read
count data was used to infer genotypes of variable loci in 37 B. nana, 37 B. pendula, and 131
B. pubescens individuals. Then, patterns of genetic differentiation and introgression were
analysed across 51,237 variable loci among the three species, and the results compared to
previous findings based on twelve microsatellite markers (Wang et al. 2014b).
2.3 Materials and methods
2.3.1 Sampling
Samples had been collected as leaves and twigs from wild Betula populations across Bri-
tain between April 2010 and August 2013 and pressed (Wang et al. 2014a; Wang et al.
2014b). An initial identification of the species was based on leaf morphology according
to the standard guide for UK birch identification (Rich and Jermy 1998), including the
Atkinson discriminant function (Atkinson and Codling 1986; Wang et al. 2014a). A set
of 205 individuals was used in the present RAD study: 37 B. nana, 37 B. pendula, and
131 B. pubescens individuals. A map of collection locations of samples used for RAD
analysis is provided in Figure 2.1 and detailed information on sample sites is provided in
Supplementary Table B.1.
2.3.2 DNA sequencing
Genomic DNA was extracted from dried cambial tissue and leaves using a modified cetyl-
trimethylammonium bromide (CTAB) protocol (Wang et al. 2013). Library preparation
and RAD sequencing using a single digest PstI library (recognition site 5’–CTGCAG–3’)
was carried out in the GenePool genomics facility in the University of Edinburgh. For an
initial set of 16 samples 96 bp paired-end reads were produced (see Wang et al. 2013); for
the remaining 197 samples 42 bp long single-end reads were generated (sequenced in two
batches of 177 and 20 samples). Eight samples were technically replicated.
2.3.3 Read mapping and variant calling
In order to create a consistent data set, only the first read of the paired-end reads of the
first sequencing batch of 16 samples was used. These reads were sheared to match the
length of the single-end reads (i.e. all reads that were analysed were 42 bp long). All
205 samples, eight of them technically replicated, were mapped to a reference sequence
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Figure 2.1: Collection locations throughout the UK of the 213 Betula samples used for
RAD sequencing. Red circles = B. nana, orange squares = B. pendula, blue triangles =
B. pubescens, pink diamond = hybrid.
of Betula RAD loci and their flanking regions in the B. nana genome (Wang et al. 2013)
using the CLC ’Map Reads to Reference’ tool (CLC bio, Qiagen Aarhus 2012). Reads that
mapped equally well to more than one position on the reference sequence were ignored.
To facilitate this mapping, the 115,142 individual contigs in the reference sequence were
concatenated with 50 ’N’s separating them, resulting in a 106 Mbp long sequence. The 213
individual mappings were merged into one (using the CLC ’Merge Read Mappings’ tool),
which was further locally realigned with the CLC ’Local Realignment’ tool. This reduced
the number of mismappings and generally improved the quality of the read mapping by
using cross-read information (CLC bio, Qiagen Aarhus 2013). Next, variants were called on
the locally realigned merged read mapping. The CLC ’Low Frequency Variant Detection’
tool (CLC bio, Qiagen Aarhus 2014) was used to create a global variant track that combines
variants found in all samples (some of which might only be at very low frequency). The
variant caller relies on a statistical model and accounts for sequencing errors. To validate
the number of variants, the CLC ’Fixed Ploidy Variant Detection’ tool (CLC bio, Qiagen
Aarhus 2014) was run on the same data, using default parameters and setting the ploidy
parameter to four.
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To trace back each sample’s locus configuration, the ’Identify Known Mutations from
Sample Mappings’ tool from the Biomedical Genomics Workbench (CLC bio, Qiagen Aar-
hus 2015) was used. This takes the global variant track and the individual read mappings as
input and looks up every variant position in each sample. The output is one variant table per
sample containing the number of reads supporting each variant, amongst many other val-
ues. This approach (calling variants on a combined mapping rather than on each individual
and then going back to the individual’s positions) allowed us to account for rare variants
and reduced computing time. Detailed parameter settings and version numbers for each of
the CLC tools are provided in Supplementary Table B.2.
The variants were then filtered to include only single nucleotide variations and single base
deletions to facilitate analyses, which are hereafter referred to as ’SNVs’. A flowchart of
this analysis pipeline is presented in Supplementary Figure A.1.
2.3.4 Allelic ratios at heterozygous sites
In order to assess the ploidy of the samples using the RAD data, we plotted the distribution
of allele ratios from raw reads at heterozygous sites with at least 30x coverage (Figure 2.2).
A diploid sample should have one peak around 0.50, a triploid should have peaks near 0.33
and 0.66, and a tetraploid should have peaks close to 0.25, 0.50, and 0.75 (due to the greater
number of possible heterozygotes). Initially, the histograms of allelic counts at heterozyg-
ous biallelic loci in individuals thought to be diploid were examined. This distribution was
compared with the binomial distribution with a mean of 0.5. The dispersion of frequencies
around the mean was consistently larger than the binomial expectation, presumably due to
subtle biases in the number of counts sequenced at each locus, generated by the extraction,
library preparation, and sequencing methods. Therefore the distributions was modelled as
beta-binomial - the distribution in which the mean for each locus is drawn from a beta dis-
tribution, specified by an expectation (overall mean) p and a correlation coefficient ρ . The
value of ρ determines the dispersion of the locus-mean around the expectation.
In the case of a polyploid individual the counts were assumed to be a mixture of beta-
binomial distributions, depending on the number of alleles at a heterozygous locus. In our
study we suspect that most non-diploids would be tetraploids, so the possible genotypes at a
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where the outer sum is over the l loci which have been identified as heterozygous in the
individual concerned. The parameter mp is the proportion of the loci at which the expected
frequency of reads would be p.
The function βb() represents the beta-binomial density function. It has four parameters:
xl is the count of reads of an allele at locus l, nl is the total number of reads at locus l,
p is the expectation of the beta-binomial distribution (see above) and ρ is the correlation
coefficient. The data were censored to include only the range 0.1 to 0.9 in order to exclude
counts from loci that were in fact homozygous, but appeared heterozygous due to mistyping
errors. The βb() function was modified accordingly (by dividing by the total density in the
uncensored range) and implemented in R with the VGAM package (Yee and Wild 1996; Yee
2007).
The R function mle was used to obtain the maximum likelihood combination and confidence
intervals of the parameters mp and ρ for each individual. Results were obtained for the
diploid and polyploid calculations. The relative support for an individual being a diploid
was calculated using the Akaike Information Criterion (AIC, Akaike 1974) function to
compare the maximum likelihood models for the diploid case with other ploidy levels. The
script is available online on the Dryad Digital Repository1.
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A
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B
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E
Figure 2.2: Distribution of raw RAD-seq read ratios for heterozygous sites covered by at
least 30 reads as a test for ploidy level. A) All B. nana individuals, B) all B. pendula indi-
viduals, C) all B. pubescens individuals, D) sample number 574, a putative autotetraploid
of B. pendula (see main text), E) sample number 1173, a putative triploid B. pubescens x
B. pendula hybrid (see main text).
1https://datadryad.org/resource/doi:10.5061/dryad.815rj
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2.3.5 Genotyping
In order to genotype each locus in each individual we wrote a custom script, which uses as
inputs read counts and base qualities extracted from the CLC variant calling, and the ploidy
level of the sample estimated using its allelic ratios (see above). Unbiased and independent
read sampling is assumed at each locus during sequencing, mapping, and read counting.
The script uses model tables which have one row per possible allelic dosage in a given
ploidy level: for a diploid these are 2:0 and 1:1, and for a tetraploid these are 4:0:0:0,
3:1:0:0, 2:2:0:0, 2:1:1:0, and 1:1:1:1.
The reads that support different allelic variants at a locus within an individual are sorted
in descending order of frequency. Their call qualities, expressed as probability of an error
from a simple conversion of the average phred quality score of the allelic variant, are sorted
along with the read numbers. Only loci with coverage thresholds of at least five reads per
ploidy level (i.e. threshold of 10 in the diploids and 20 in the tetraploids) and an upper
threshold of 200 reads are used in subsequent analysis (the effect of different coverage
thresholds on the number of SNVs is shown in Supplementary Table B.3). The likelihood
formula used in the genotyping script is then constructed as follows:
Let n be the chosen ploidy level; x a vector of counts of reads observed for each allele, sorted
in descending order (if length(x)> n, it is truncated to n on the right); q the corresponding
average base quality for each called allele on a phred scale, ordered as x; mi a vector of
numbers, sorted in descending order, corresponding to a particular dosage model for a
given ploidy level (∑m = n; length(m) is made equal to n, by padding with ’0’ if a model
specifies fewer alleles than a ploidy level, i.e. a triploid homozygote is represented as 3:0:0,
and a biallelic locus in a triploid genome as 2:1:0); and s a subset of indices in {i}, where
mi > 0, and s̄ is its complement, i.e. positions in the model representation where no alleles
are expected. The data likelihood is then calculated as two parts:










2. And the error probability where reads are present, but not expected from a model,
converted from a phred score:
L2 = ∏
s̄
pxs̄s̄ ,where p = 10
−q
10 (2.3)
The total likelihood is then L = L1 ∗L2. For computational convenience, the log-likelihood
is calculated in the script (i.e. products become sums etc.). The Bayesian Information
Criterion (BIC, Schwarz 1978) is then computed to determine the best fitting model.
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The final genotype calls excluded: individuals with fewer than one million raw reads, vari-
ants other than SNVs or deletions, sites with a coverage below 10 and above 200 reads,
individuals with >50% missing data, and loci that were not present in at least 80% of indi-
viduals.
2.3.6 Population structure
The analysis of admixture among the three Betula species was performed in Structure
version 2.3.4 (Pritchard et al. 2000). Diploids were coded as if tetraploid (i.e. four rows per
individual with the last two only containing missing data) to allow a simultaneous analysis
of the mixed ploidy data set. It was run with a burn-in period of 100,000 and a further
100,000 repeats using the admixture model, correlated allele frequencies, and the number
of assumed populations (’K’) set to three. Each run was repeated 20 times. An admixture
plot was created using distruct version 1.1 (Rosenberg 2004) after using Structure
Harvester (Earl and VonHoldt 2012) and CLUMPP (Jakobsson and Rosenberg 2007) to
combine the output of the 20 repeats. Other values of K (one to five) were tested in addition
to the main analysis with K = 3. A principal component analysis (PCA) was done using
a combination of the adegenet R package version 2.0.0 (Jombart 2008), the missMDA R
package version 1.8.2 (Husson and Josse 2012) to impute missing data, and the prcomp
function from the R base package (R Core Team 2015). For the computation of the PCA,
the genotype information was transformed into allele frequencies (normalised for the ploidy
level) and thus, only biallelic variants could be used (95% of the full data set). FST values
were calculated based on allele frequencies with the hierfstat R package version 0.04-22
(Goudet and Jombart 2015).
The geographical cline in the direction of the introgression pattern was examined using a
mixed effects model on arcsine-transformed estimates of admixture proportions (returned
by Structure), the slope as a fixed effect, and the population modelled as a random effect.
The latter allows for genetic drift of each population away from the overall trend. This was
implemented in R using the lme function (Pinheiro et al. 2015).
2.3.7 Comparison of RAD and microsatellite data
Structure was re-run on 177 individuals, for which previously published microsatellite
markers (Wang et al. 2014b) as well as the present RAD data were available. It was set
to a burn-in period of 10,000 and a further 100,000 repeats using the admixture model,
correlated allele frequencies, and K = 3. A random selection of 1,000 RAD variants was
compared to the twelve microsatellite loci. The distribution of Q-values from each of the
runs was plotted in R (R Core Team 2015) for a direct comparison of the amount of admix-
ture estimated from the microsatellite markers and RAD sequencing, respectively.
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2.4 Results
2.4.1 Read mapping and variant calling
The read mappings resulted in 33.05% to 86.7% of mapped reads per individual. Five
individuals (one B. nana, two B. pendula, and two B. pubescens) were excluded because
they each had less than one million raw reads (2,400 to 165,500). A further eight individuals
were discarded because they had more than 50% of missing data in the data set of loci that
were covered by at least 80% of the samples. Their missing data content ranged from 50.6%
to 85.2% and one B. nana, one B. pendula, and six B. pubescens individuals were affected.
This reduced the data set to 200 individuals (including six technical replicates; two of the
initially eight replicates were filtered out).
In the merged mapping with data from all individuals, 1.09 billion reads (79.4%) mapped
to the reference and almost four million variants were called. Over 2.8 million variants
were supported by at least five reads and almost 2.1 million were supported by at least ten
reads. The CLC ’Low Frequency Variant Detection’ tool calculated that 99.7% of the four
million variants were called with a probability of greater than 90% and 2.7 million (68.6%)
with a probability of 100%. As expected, fewer variants (1.7 million) were found with the
CLC ’Fixed Ploidy Variant Detection’ tool, as this tool is focused on specificity rather than
sensitivity and was not designed for the detection of low frequency variants.
2.4.2 Allelic ratios at heterozygous sites
Bar charts of allele ratios at heterozygous sites (Figure 2.2) confirmed the expected ploidy
level for the vast majority of samples, with diploids showing a peak around 0.50 and tet-
raploids showing peaks near 0.25, 0.50, and 0.75. There were two exceptions (Figure 2.2D
and E). One individual (sample ID 574), which had previously appeared to be unusual in its
morphology and RAD loci (Wang et al. 2013), had an excess of 0.50 over 0.25 and 0.75 ra-
tios, suggesting that it is a diploid, even though its genome size is that of a tetraploid (Wang
et al. 2013). We conclude from this that it is a recent autotetraploid. Another individual
(sample ID 1173) showed peaks around 0.33 and 0.66, indicating that it is a triploid. It had
been initially classified as a B. pubescens based on morphology. On the basis of the beta-
binomial model, the ploidy level of all but two individuals (sample IDs 2347 and 2354) was
correctly assigned (when compared to a visual assessment of the histograms, the plants’
morphology, the microsatellite results, and the clustering results of the present study, see
section 2.4.4). These two were samples with rather few variable sites and seemingly very
heterozygous. The AICs resulting from the beta-binomial model comparisons are reported
in Supplementary Table B.1.
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2.4.3 Genotyping
After filtering (> one million raw reads, only SNVs, coverage between 10x and 200x,
<50% missing data; see above), 541,080 variants were present in at least one individual
and covered by 66 reads on average. Of these, 59 variants were present in all 200 indi-
viduals: too small for population analyses. Instead, we used as the basis of our population
analyses variants present in at least 80% of individuals, of which there were 51,237. Sub-
tracting 687 variants that only had one allele in this dataset (when eight individuals with
greater than 50% missing data had been removed), we had 50,550 variants of which 49,025
were biallelic, 1,484 were triallelic, and 41 were tetra-allelic.
2.4.4 Population structure
The results of the PCA (Figure 2.3), based on genotype calls for 49,025 biallelic loci in 200
individuals clearly indicated three tight clusters corresponding to the three Betula species
in the data. The individual previously identified as triploid (1173, pink diamond in Figure
2.3) fell between the B. pubescens and B. pendula clusters, and is therefore likely of hy-
brid origin. The first principal component (PC), which accounts for 26.9% of the variation
in the dataset, differentiates well between the three species, with B. nana widely separ-
ated from the other two species and B. pubescens somewhat intermediate, though much
closer to B. pendula. The second PC, accounting for 9.1% of the variation in the dataset,
widely separates B. pubescens and B. pendula, with B. nana intermediate between them.
The putatively autotetraploid individual 574 fell into the B. pendula cluster in the PCA (not
shown).
The Structure plot (Figure 2.4) was generated setting K to three, since three clear clusters
appeared in the PCA, and showed clear isolation of the species, based on the 51,237 loci.
Results showing the estimated admixture levels with K set to one to five are shown in Sup-
plementary Figure A.2 together with the log-likelihood values of each K. In the diploid
species, B. nana and B. pendula, very little introgression was detected (highest admixture
levels of 0.74% and 6.4%, respectively). More admixture was estimated in the tetraploid
B. pubescens, showing introgression from both B. nana and B. pendula, with highest ad-
mixture values of 3.8% and 16.9% (excluding the potential hybrid, see below), respectively
(Figure 2.4). These individuals are also positioned on the periphery of the B. pubescens
cluster in the PCA plot (Figure 2.3, individuals with at least 2% admixture are highlighted).
According to the Structure estimate, plant 1173, the potential triploid hybrid, is made up
of 59.3% B. pubescens and 40.7% B. pendula. Plant 574, the putative autotetraploid, was
found to be B. pendula with no introgression from neither B. nana nor B. pubescens.
Among the three species, we found a high level of genetic differentiation, with a global
mean FST of 0.40, suggesting that genetic variance among the species is almost as great
as genetic variance within them. Within species FST values among populations with at
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Figure 2.3: Principal component analysis of 200 Betula samples at 49,025 biallelic variant
loci. Symbols used correspond to the attributes of individuals in the Structure analysis:
red circles = B. nana, orange squares = B. pendula, blue triangles = B. pubescens, pink dia-
mond = hybrid individual 1173, B. pubescens individuals admixed with at least 2% B. nana
(blue triangles with purple outline) or at least 2% B. pendula (blue triangles with cyan
outline).
Figure 2.4: Estimated genetic admixture of 200 Betula samples at 51,237 variant loci. Each
individual is represented by a vertical line and species are separated by different colours and
a black vertical line. Within species the samples are sorted by latitude from left (north) to
right (south). Results are obtained by running Structure with 100,000 repeats in addition
to a 100,000 burn-in period and K = 3. Red = B. nana, blue = B. pubescens, orange =
B. pendula.
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least three individuals are 0.08, 0.03, and 0.01 for B. nana, B. pendula, and B. pubescens,
respectively, indicating greater population structure in B. nana, probably due to smaller and
more widespread populations. The pairwise comparisons between the three species at each
locus (Supplementary Figure A.3) showed many FST outliers, i.e. data points above 1.5 ×
the interquartile range (4,112 for B. nana - B. pendula; 6,142 for B. nana - B. pubescens;
and 5,230 for B. pendula - B. pubescens). The difference between the two diploid species
B. nana and B. pendula is the greatest (mean of 0.17), in contrast to B. nana - B. pubescens
(mean of 0.07) and B. pendula - B. pubescens (mean of 0.05). These mean figures are
based on the same set of loci for all three comparisons, and so include fixed alleles in
some cases, causing lower values than the global FST calculated above. The pattern of
greatest differentiation between B. nana and B. pendula fits well with the results from the
Structure analysis (Figure 2.4).
A geographical trend of the introgression pattern within the B. pubescens individuals was
observed. The more northerly individuals show more introgression from B. nana, whereas
the individuals towards the south are increasingly admixed with B. pendula (Figures 2.4
and 2.5). The results in both cases were highly significant (p-values of 1.1× 10−21 and
3.7×10−13 for B. nana and B. pendula individuals, respectively).
The results for the six technical replicates were concordant with each other in both the PCA
and Structure analysis. The biggest difference in the PCA between any two replicates
was 0.32 units (on PC 2) and the biggest difference in the amount of admixture between
any two replicates detected with Structure was 0.3%.
2.4.5 Comparison of RAD and microsatellite data
A subset of 1,000 randomly selected loci from the RAD data presented here was directly
compared to the twelve previously published microsatellite dataset (Wang et al. 2014b), by
re-running Structure on 177 individuals for which both data was available. An alignment
of the RAD and microsatellite Structure plots is shown in Supplementary Figure A.4. The
microsatellite data produced greater estimates of introgression among all three species, as
visualised in a scatterplot of the Q-values from both data sets (Figure 2.6). The correlation
among all three species was 0.74 (Spearman’s rho) and highly significant (p = 1.1×10−93).
For just the B. pubescens individuals rho was 0.68, for B. pendula 0.59, and for B. nana
0.50.
The individual identified as an autotetraploid (sample ID 574, see above) appeared as being
B. pubescens with the microsatellite markers (with 2.8% introgression from B. nana and
3.7% introgression from B. pendula), but appeared to be a B. pendula in the RAD data set
(with 0.04% introgression from B. nana and 0.1% from B. pubescens; also labelled in Fig-
ure 2.6). These admixture values differ to those presented above due to the smaller number
of RAD loci used in this analysis (1,000 vs 51,237). To ensure that this individual had not
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been mislabelled, we resampled the tree, re-extracted DNA, and repeated the analyses. The
results remained unchanged. Unfortunately, there is no microsatellite data for the triploid
hybrid individual (1173) available so it could not be compared.
2.5 Discussion
Genome-wide single nucleotide variants in birches throughout Britain clearly and unam-
biguously distinguish the three species Betula nana, B. pendula, and B. pubescens. The
Structure estimates of admixture proportions suggest predominantly unidirectional gene
flow has occurred into the tetraploid species B. pubescens from the two diploid species,
B. nana and B. pendula. This gene flow has produced significant clines, with greater intro-
gression from B. nana in the north and greater introgression from B. pendula towards the
south. Very little evidence was found for introgression into B. nana and B. pendula. One
tree appears to be a triploid hybrid between B. pendula and B. pubescens and another tree
could be a B. pendula autotetraploid.
The individuals genotyped in the present study are mainly a subset of those included in a
previous study using twelve microsatellite loci (Wang et al. 2014b). The 51,237 variants
analysed with RAD data generate much tighter clusters of the three species than the twelve
microsatellites in Principal Coordinate Analysis and the clusters are more widely spaced
from one another. Both the microsatellite data and the RAD data showed clines of intro-
gression into B. pubescens from the other species, but the slopes of the clines are more
significant for the RAD data; this is especially the case for southerly introgression from
B. pendula into B. pubescens, which appears to be more discernible in the RAD data than
in the microsatellite data. The RAD data contrast with the microsatellite data in showing
very little to no introgression into the two diploid species. One individual (574) which we
identified as an autotetraploid based on counts of allele ratios (see section 2.3.4 and 2.2)
and a flow cytometry measurement (Wang et al. 2013), is clustered with B. pendula using
RAD markers but with B. pubescens using microsatellite markers. This individual also has
unusual leaf morphology (Wang et al. 2013) and deserved further attention to resolve its
parentage and species identification.
The differences seen between the microsatellite and RAD datasets may be due to several
different possible causes: (1) the RAD variants are much greater in number and more
widely distributed throughout the genome than the microsatellites, which is likely to have
produced a more comprehensive and accurate measure of introgression; (2) a subset of the
very large number of RAD variants may be closely linked to loci under selection (as sug-
gested by the thousands of FST outliers found among species), whereas such effects are
prima facia less likely with the smaller number of microsatellites; (3) microsatellite muta-
tion rates are higher than SNP mutation rates, so microsatellite introgression may reflect
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more recent hybridisation than SNP introgression (Ellegren 2000), perhaps due to human
planting of saplings of different birch species closer to one another than would be com-






















































































































































































































Figure 2.5: Cline analysis of admixed B. pubescens individuals. An arcsine transformation
of the Structure results and a mixed effects model were used. Individual admixture pro-
portions are shown as black circles and red diamonds represent population means as fitted
by the model. A) Admixture from B. nana, B) admixture from B. pendula.
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Figure 2.6: Comparison of Q-values from microsatellite and RAD data. Genetic admixture
for 177 Betula samples was estimated using Structure on twelve microsatellite loci and
1,000 RAD variants. Q-value pairs of plant 574 are labelled and distribution of Q-values
shown as histograms on the outer axes.
are better able to distinguish B. pubescens variants from B. pendula variants (the PCAs
for both the RAD and microsatellite data show that the difference between B. nana and
the other two species is greater than the difference between B. pendula and B. pubescens,
but the RAD dataset provides much sharper resolution of B. pendula and B. pubescens),
which will therefore allow better detection of introgression between them; (5) it may be
that the different methods used for genotyping have systematically favoured calling SNP
heterozygotes in tetraploids and microsatellite heterozygotes in the diploids, leading to an
appearance of lower introgression into diploids in the RAD data; (6) homoplasy may be
more common in the microsatellite markers (Li et al. 2002), which would be expected to
increase estimated rates of introgression bidirectionally (not unidirectionally) as was found
here. If the RAD data have provided greater precision than the twelve microsatellites, this
pattern fits well with the argument made by Stebbins (1971) that introgression should be
unidirectional from diploids to tetraploids (see the introduction to this chapter, section 2.2).
Introgression has been demonstrated for several natural systems using RAD markers (e.g.
The Heliconius Genome Consortium 2012; Nadeau et al. 2013; Lamer et al. 2014; Com-
bosch and Vollmer 2015; Eaton et al. 2015; Ford et al. 2015; Stankowski and Streisfeld
2015). Three studies of which we are aware have compared patterns of introgression
between RAD and microsatellite markers: Bradbury et al. (2015) found little or no intro-
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gression with microsatellite markers in salmon, but evidence for introgression with RAD
SNPs. On the other hand, Hohenlohe et al. (2013) found slightly lower estimates for in-
trogression from RAD SNPs than from microsatellites in trout. Candy et al. (2015) found
a close correspondence between RAD and microsatellite assessments of population dif-
ferentiation in a Pacific smelt (Beacham et al. 2005), with the RAD data yielding higher
resolution. To our knowledge, only one other study has analysed introgression between a
diploid and a tetraploid with RAD variants (Clark et al. 2015) and this showed introgression
mainly from the diploid to the tetraploid, but rare diploids had some introgression from the
tetraploid.
In the previous study using microsatellite markers (Wang et al. 2014b), it was concluded
that the cline of introgression from B. nana deep into the range of B. pubescens was most
likely due to past range retreat of B. nana accompanied by hybridisation with expanding
populations of B. pubescens. This explains why the trail of introgression from the small
B. nana shrubs penetrates deep into the distribution of B. pubescens, far to the south of
the current range of B. nana (see the introduction to this chapter, section 2.2). The RAD
data presented here corroborates this by showing the pattern in a much larger sample of the
genome. The RAD data set now opens up the potential for further studies to identify genes
and genomic regions that have introgressed among the species, and ask whether these have
adaptive potential. In future, we hope to investigate the genetic architecture and landscape
of such regions, though as yet our B. nana reference genome (Wang et al. 2013) is too
fragmented. An attempt at improving this assembly using PacBio and RNA-seq data is
presented in chapter 3.
2.6 Conclusion
Advances in technology can help to decipher between true signals and noise when revisiting
a study. I could show here that tens of thousands of RAD loci are better able to identify an
introgression pattern than previously studied twelve microsatellite markers were. For a pre-
liminary assessment of hybridising species both markers should work equally well, but for
a more detailed analysis, the RAD markers seem to be better suited. The markers provided
evidence for unidirectional gene flow from the diploid (B. nana and B. pendula) into the
tetraploid (B. pubescens) species and reinforced the geographical cline. This supports the
hypothesis of recent hybridisation rather than shared ancient polymorphisms.
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Chapter 3
Improvement of the Betula nana genome
assembly with PacBio and RNA-seq data
3.1 Summary
A contiguous genome sequence assembly is a fundamental resource for genomic research
on an organism. The only publicly available genome sequence of an individual from the
Betulaceae family (birches) in 2015 was that of Betula nana, which was highly fragmented
and based only on Illumina short read data. Here, with the addition of PacBio and RNA-seq
data, this assembly was improved. The original Illumina assembly had a scaffold N50 of
18.7 kb, which was here more than doubled to 38.2 kb. The size of the longest scaffold
was increased from 398,841 bp to 533,758 bp (1.3 fold), while the overall assembly size
only slightly increased from 564 Mb to 602 Mb (1.1 fold). The total number of scaffolds
was reduced from 551,923 to 495,108 (0.9 fold), i.e. a further 56,815 contigs could be
joined. Half of the total assembly is now made up of only 3,826 scaffolds, as compared to
6,810 scaffolds in the original assembly (almost half as many). As a first step towards the
annotation of the genome, the repeat content was estimated and found to be 35.5%, similar
to that of closely related species. This improved version of the B. nana assembly opens up
further research into its genome, for example with regard to introgression from other Betula
species or adaptation to climate change.
50
3. Improved B. nana assembly 3.2. Introduction
3.2 Introduction
Sequencing costs have gone down drastically over the past years, which has led to the
genomes of many organisms being sequenced and hundreds of genome assemblies being
published (see Supplementary Figure A.5 and NCBI GenBank and WGS Statistics1). How-
ever, the majority of these are classified as draft assemblies, as they often consist of tens of
thousands of scaffolds (and are thus far from being on a chromosomal level), have an over-
or underrepresentation of repetitive regions, and are poorly (or not at all) annotated. The
reasons for this are usually data availability, time and financial constraints, or the lack of
technical resources.
The most commonly used ’next-generation’ sequencing method, Illumina, produces bil-
lions of short reads (usually between 50 and 150 bp long). These are difficult to assemble
correctly, especially in repetitive regions. Illumina sequencing of mate-pair or long jump-
ing distance libraries can improve assemblies. Another way of improving assemblies is
to acquire longer reads with ’third-generation’ sequencing. These technologies, such as
Pacific Biosciences’s Single molecule real time sequencing (SMRT) or Oxford Nanopore
Technology’s MinION, are becoming increasingly popular. Due to their lengths (an average
of 10-15 kb and up to 40 kb for PacBio, an average of 2 kb and up to 300 kb for MinION),
they can be used to fill gaps in draft assemblies and improve the scaffolding. However,
those approaches are expensive and can introduce other kinds of errors. Their main dis-
advantage is a high error rate (about 15% for PacBio, most of which are indels, Ferrarini
et al. 2013; and up to 40% for Oxford Nanopore reads, Goodwin et al. 2015), which make
them less suitable for de novo assemblies, unless a very high coverage can be afforded. In
combination with short sequencing reads, however, they provide great potential in genome
assembly improvements (e.g. Bashir et al. 2012; Koren et al. 2012; Dorn et al. 2015; Yan
et al. 2015; Mahesh et al. 2016).
There are various ways in which the long read data can be used in genome assembly. (1) As
the sole data set to generate a de novo assembly (VanBuren et al. 2015 demonstrated this
for the desiccation-tolerant grass Oropetium thomaeum); (2) as a guide to the scaffolding
step in a hybrid assembly approach, which also uses short reads (Dorn et al. 2015 used
this approach for the assembly of Thlaspi arvense, field pennycress); (3) in scaffolding
a draft assembly, i.e. connecting separate contigs into longer scaffolds (as used by e.g.
Nowak et al. 2015 and Yan et al. 2015); or (4) to fill gaps in draft assemblies (an approach
adopted by e.g. Mahesh et al. 2016 for the genome finishing of Indica rice). The method of
choice mainly depends on the quantity of the long read data. A de novo genome assembly
with long reads requires a very high coverage to overcome the issue of sequencing errors.
Alternatively, the long reads can be corrected using a set of higher quality short read data.
Uncorrected reads at lower coverage can be used for the other approaches.
1www.ncbi.nlm.nih.gov/genbank/statistics
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The different approaches listed above can be performed using various software tools.
Amongst them are:
PBJelly: part of the PBSuite and especially well-suited for low coverage data. It does
gap-filling and scaffolding (English et al. 2012).
AHA: stands for ’A Hybrid Assembler’ and is part of the PacBio SMRT pipeline. The
script of interest in here is pbahaScaffolder.py, which can be run independently
from the SMRT pipeline using Python (Bashir et al. 2012).
Canu: is forked from the CELERA assembler and designed to analyse long sequencing reads
with high error rates. It works with the ’overlap, correct, assemble’ principle (Berlin
et al. 2015).
LSC: a tool for error correction of PacBio reads. It retains information about corrected/un-
corrected regions of the reads (Au et al. 2012).
Cerulean: a hybrid assembler that first incorporates short reads and then does the scaf-
folding and repeat dissolving with long reads. Developed for small genomes like
those of bacteria (Deshpande et al. 2013).
SSPACE-LongRead: a straight-forward Perl script, which uses BLASR for mapping long
reads to a draft assembly and is based on the SSPACE assembler. Only suitable for
bacterial genomes (Boetzer and Pirovano 2014).
CLC de novo Assembler: provides an option for using a different set of reads for the
scaffolding step than for the actual assembly (CLC bio, Qiagen Aarhus 2016b).
CLC Genome Finishing Module: enables the alignment, extension, and joining of pre-
viously assembled contigs with the aid of long reads (CLC bio, Qiagen Aarhus
2016a).
Another way of improving genome assemblies is to use RNA sequencing (RNA-seq) data
in the scaffolding step, either as raw reads or assembled transcriptomes. The RNA-seq
data is mapped to the genome sequence and the alignments are then searched for reads that
map to more than one genomic region. Finally, the respective contigs and scaffolds are
re-ordered, connected, and placed into the correct orientation accordingly. This results in
a more continuous genome sequence with fewer scaffolds. Two of the most widely used
software are L_RNA_scaffolder (Xue et al. 2013), which uses RNA transcripts as input
and was used successfully by Gardner et al. (2016) in the assembly of Artocarpus camansi
(breadnut), and BESST_RNA (Sahlin et al. 2014), which requires the mapping of raw reads
and was recently incorporated in the genome assembly of Ananas comosus (pineapple;
Redwan et al. 2016).
The usefulness of a genome assembly is greatly enhanced by genome annotation, which
includes repeat identification. This is important to exclude false-positives in the actual
genome annotation, but over the past years it became increasingly obvious that repeats
play an important role in genome evolution (Gemayel et al. 2010, 2012; López-Flores
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and Garrido-Ramos 2012; Garrido-Ramos 2015). The ENCODE project (Djebali et al.
2012) is probably the most prominent example of this. A recent study has successfully
used repeat sequences in phylogenetic analysis (Dodsworth et al. 2015). Plant genomes
tend to be particularly rich in repeats (Flavell et al. 1974; Feschotte et al. 2002; Garrido-
Ramos 2015). There are several ways of identifying the repeat content of newly assembled
genomes (Lerat 2010). The two most widely used methods are a clustering approach of raw
reads, e.g. using RepeatExplorer (Novák et al. 2013), or searching databases with known
repeats against assembled scaffolds, e.g. using RepeatMasker (Smit et al. 2013-2015). For
previously unsequenced organisms or those without data from closely related species, the
latter approach has to be preceded by developing a custom repeat library to get organism
specific hits. This can be done by using RepeatModeler (Smit and Hubley 2008-2015).
The major repeat categories that are usually annotated are (Lerat 2010; López-Flores and
Garrido-Ramos 2012):
SINEs: Short Interspersed Nuclear Elements; these are short sequences (<500 bp) that
originate from reverse-transcribed RNA.
LINEs: Long Interspersed Nuclear Elements; another group of retrotransposons, usually
six to eight kb long; in plants, only the L1 clade and retrotransposon-like elements
(RTEs) have been reported so far (Župunski et al. 2001; Komatsu et al. 2003).
LTR elements: Long Terminal Repeats; identical sequences that are repeated hundreds or
thousands of times at both the 5’ and 3’ end of e.g. retrotransposons, but also other
sequences; the most common clades are Gypsy and Copia elements, which differ in
the order of the proteins they encode.
DNA elements: transposons that do not originate from reverse-transcribed RNA, but are
direct copies of DNA sequences.
Small RNA: usually short (<200 bp) non-coding RNA.
Satellites: non-coding DNA sequences of tandem repeats (usually a unit of two to eight
base pairs is repeated up to 100 times), often located in telomeric or centromeric
regions.
Simple repeats: directly repeated sequences that exist multiple times in a genome.
Low complexity: primarily poly-purine/poly-pyrimidine stretches or regions of extremely
high AT or GC content.
Here I assemble the Betula nana genome sequence incorporating three different data sets,
all from the same individual. DNA sequences produced by next-generation sequencing
(Illumina HiSeq 2000 from the original B. nana genome assembly), DNA sequences pro-
duced with third-generation sequencing (PacBio RSII), and RNA reads from Illumina HiSeq
2000 sequencing. In addition to that, I analyse the repeat sequences of the improved B. nana
genome assembly.
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3.3 Materials and methods
3.3.1 Data sets
Illumina short reads The first round of genome sequencing was produced, assembled,
and published prior to this PhD project (Wang et al. 2013). The sequencing was con-
ducted at the Beijing Genomic Institute, China, where five libraries were constructed:
three paired-end libraries with insert sizes of 200 bp, 500 bp, and 800 bp, and two
mate-paired libraries with insert sizes of 2,000 bp and 5,000 bp. All libraries were
sequenced on an Illumina HiSeq 2000 machine with read lengths of 95 bp and 49 bp
for the paired-end and mate-paired libraries, respectively. A total of 42.05 Gb of raw
data was produced, which equals to about 93x coverage of the 450 Mb long genome
sequence of B. nana. After filtering (see Wang et al. 2013 for details), the estimated
genome coverage was 66x. The distribution of reads per library is shown in Table 3.1.
Table 3.1: Basic metrics of the sequencing reads per library from the Illumina data set,
numbers after filtering (see main text).
library size 200 bp 500 bp 800 bp 2,000 bp 5,000 bp
read length 95 bp 95 bp 95 bp 49 bp 49 bp
amount of data 9.20 Gb 7.64 Gb 6.21 Gb 4.83 Gb 1.96 Gb
number of reads
(in million) 96.8 80.4 65.4 98.6 39.9
PacBio long reads This batch of data was produced at The Genome Analysis Centre
(TGAC), UK, and sequenced on a PacBio RSII platform. Eight SMRT cells yiel-
ded approximately 2.28 Gb of raw data, which equals to roughly 5x coverage of the
B. nana genome. TGAC also performed a ’reads of insert’ analysis with smrtpipe-2.3
and different sets of parameters, generating another four filtered data sets. The
’passes’ parameter was set to 0, 1, and 3, which means that the raw circular read had
to make at least this number of full passes over the transcript sequence (Figure 3.1).
The predicted accuracy parameter was set to 80% and 90%, which is the minimum
allowed predicted consensus accuracy. Both thresholds aim at increasing the quality
of the data. An overview of the different PacBio data sets is provided in Table 3.2.
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number of ful passes: 2
actual transcript sequence
Raw sequences
5’ primer 3’ primer
Figure 3.1: Diagram of constructing ’reads of insert’ data sets from PacBio sequencing.
With the parameter ’passes’ set to three, this read would have been excluded, as the tran-
script sequence (yellow) is fully covered only twice in this example. Figure adapted from
GitHuba.
a https://github.com/PacificBiosciences/cDNA_primer/wiki/Understanding-PacBio-transcriptome-data
Table 3.2: Basic metrics of the sequencing reads from the PacBio data set. The last four
columns represent data from different runs of the ’reads of insert’ analysis.
raw reads 0pass80 1pass80 1pass90 3pass90
# reads 841,287 415,235 55,592 42,051 15,665
min read length 35 11 17 16 16
mean read length 4,294 4,641 5,869 5,311 4,382
max read length 40,108 43,248 26,622 14,870 10,716
% reads >1 kb 89.0 92.1 98.5 98.9 97.4
% reads >5 kb 39.0 44.9 67.0 61.8 37.0
% reads >10 kb 3.5 4.9 5.5 0.9 0.01
RNA-seq data RNA was extracted from fresh leaves and flowers using a modified Qiagen
RNAeasy Plant Mini Kit (CTAB and Phenol-Chloroform were used in addition due to
chemical compounds in the birch leaves that inhibited RNA extraction). Sequencing
was performed at the Genome Centre of Barts and the London School of Medicine
and Dentistry, where 100 bp long, paired-end reads were created with an average
insert size of 280 bp. The first 10 bp of all reads were trimmed due to low quality.
The following amount of data resulted from the two tissues:
• leaf: 17.4 million reads, 46% GC content, mean Phred score of 35
• flower: 31.6 million reads, 45% GC content, mean Phred score of 37
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3.3.2 Genome assembly
Wang et al. (2013) assembled the Illumina short read data using SOAPdenovo-63mer ver-
sion 2.04.3 (Li et al. 2008) and GapCloser (Luo et al. 2012). A k-mer length of 35 was
found to yield the best result. The total size of this assembly (hereafter referred to as the
’original assembly’) is 564 Mb, with 7.78% Ns and an N50 of 18.7 kb. The assembly was
published (Wang et al. 2013) and made available to the scientific community2,3.
The inclusion of additional data (PacBio long reads and RNA-seq data, see section 3.3.1) to
improve this original assembly was done using various approaches. The one that resulted
in the best assembly (hereafter referred to as the ’improved assembly’) is outlined here (see
also Figure 3.2) and further methods are listed in the ’Additional approaches’ paragraph
below.
The Join Contigs tool version CLC Genomics Grid Worker 7.5.2 (CLC bio, Qiagen
Aarhus 2016a) was used with default parameters. It was run iteratively with the following
data sets (see Tables 3.1 and 3.2 for details): raw PacBio reads, 0pass80, raw PacBio reads
(again), 200 bp Illumina library, 500 bp Illumina library, and finally 800 bp Illumina library.
The tool works as follows: the long reads are aligned to the reference sequence and where
they map to more than one contig, these are joined into one. If an alignment spanning two
different contigs is not covered by enough high-quality reads, the resulting gap is filled with
Ns instead of low-quality sequence content.
Then the raw RNA reads of the flower and leaf tissue were aligned to the updated as-
sembly to join even more contigs. This was done using BESST_RNA (Sahlin et al. 2014),
which requires a mapping of the raw reads to the genome assembly in BAM format, for
which the Burrows-Wheeler Aligner (BWA; Li and Durbin 2009) was used. BESST_RNA
then runs a Python script on the mapping and the genome assembly to identify reads that
mapped to several contigs and joins these. The gap between newly joined contigs (which
results from intronic regions not present in the RNA-seq reads) is filled with Ns. If possible,
the length is determined by the median intron size, otherwise 100 Ns are inserted.
Figure 3.2: Flowchart outlining the assembly approach that led to the best result and clari-
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Additional approaches
1. A de novo assembly with only the 1pass80 PacBio data set as input was created using
Canu (Berlin et al. 2015).
2. A hybrid assembly was generated with the de novo assembly tool from the CLC Ge-
nomics Workbench (CLC bio, Qiagen Aarhus 2016b) using all the Illumina libraries
as main input and the 1pass80 PacBio reads as guidance only during scaffolding.
3. Three rounds of PBJelly (English et al. 2012) were run on the original B. nana
assembly, each time with the 0pass80 PacBio data set as input.
4. Error-correction of the PacBio reads was performed with LSC (Au et al. 2012) before
using them as input to a subset of the tools listed above.
5. Instead of BESST_RNA (Sahlin et al. 2014) the L_RNA_Scaffolder (Xue et al. 2013)
was also used with the RNA-seq data assembled into transcriptomes with Trinity
(Henschel et al. 2012) on the updated assembly created with the CLC Join Contigs
tool (see above).
Other methods as described in the introduction to this chapter (section 3.2) could not be
used with the available data sets.
3.3.3 Quality assessment
To assess the completeness of the improved assembly, an early release plant version of the
Benchmarking Universal Single-Copy Orthologs (BUSCO) pipeline (Simão et al. 2015) as
well as the now discontinued Core Eukaryotic Genes Mapping Approach (CEGMA) pipeline
(Parra et al. 2007; Parra et al. 2009) were run on the output file. The latter was done to
compare the results to the original B. nana genome assembly as well as other genome pro-
jects that used this approach. BUSCO checks the existence and completeness of 956 highly
conserved plant-specific genes in the assembly and reports how many exist in single-copy,
how many are duplicated, fragmented, or missing. As another quality assessment, the reads
from the 200 bp Illumina library were mapped back to both the original and improved
B. nana genome assemblies. This was done using the ’Map Reads to Reference’ tool
version CLC Genomics Grid Worker 7.5.2 (CLC bio, Qiagen Aarhus 2012) with default
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3.3.4 Repeat analysis
The repeat content of the improved Betula nana genome assembly was assessed using a
combination of different approaches.
Clustering of reads with RepeatExplorer
First, 500,000 reads from the 500 bp Illumina library were analysed with RepeatExplorer
(Novák et al. 2013) through its Galaxy interface (Afgan et al. 2016). The reads were ran-
domly sampled after removing those with adapter sequences and represent about 10.5% of
the B. nana genome (given a read length of 95 bp and genome size of 450 Mb). In addition
to checking the reads against the Viridiplantae division of Repbase (Bao et al. 2015), the
Populus trichocarpa chloroplast assembly (Tuskan et al. 2006, GenBank accession num-
ber EF489041) was also included as a custom library, to exclude potential chloroplast se-
quences. This whole analysis was repeated three times with a minimum of 55 bp overlap for
clustering and 40 bp for assembly; all clusters contained at least 0.01% of the input reads.
The contigs from the RepeatExplorer analysis with a minimum read depth of five were
retrieved from Galaxy and those that had annotated matches to the RepeatMasker library
with a Smith-Waterman score of at least 225 and more than 50% or at least 10 of the reads
included in the cluster, were classified and renamed accordingly. Sequences where more
than 50% of the clustered reads matched the P. trichocarpa chloroplast were excluded.
After examining the log file of the RepeatExplorer run with 500,000 sequences, it was
run again with 3.5 million randomly selected reads (of which 3.2 million actually went
into the clustering), as this was the suggested maximum number of reads RepeatExplorer
could process. Assuming an unbiased distribution of these reads, this analysis covered in
theory 67.1% of the B. nana genome and is thus a good representation of the ’true’ repeat
content of the genome.
Creation of a repeat library with RepeatModeler
Second, a custom repeat library was created using RepeatModeler version open-1.0.8
(Smit and Hubley 2008-2015) with the search engine set to ’ncbi’. The unclassified re-
peats from this analysis were then matched against the Viridiplantae database using the
web interface of CENSOR5 (Kohany et al. 2006). The CENSOR hits were filtered to have a
BLAST alignment score of at least 1,000 and then renamed accordingly.
Repeat masking with RepeatMasker
Finally, the custom repeat libraries generated with RepeatExplorer and RepeatModeler
were combined and used to mask repeats in the improved genome assembly with Repeat-
5www.girinst.org/censor/index.php
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Masker version open-4.0.5 (Smit et al. 2013-2015) in sensitive mode, run with rmblastn
version 2.2.27+, and RepBase Update 20140131. The following parameters were set:
-pa 4 -s -no_is (-pa = in parallel, -s = slow, i.e. more sensitive, -no_is = skips checking
for bacterial insertion elements).
3.4 Results
3.4.1 Genome assembly
The first round of the Join Contigs tool (using the raw PacBio reads) joined 46,590 con-
tigs and increased the N50 to 27,137. Subsequent iterations of the tool with different data
sets (see section 3.3.2) increased the N50 to 33,111 bp (previously 18,689 bp), reduced
the total number of scaffolds to 497,810 (previously 551,923), and increased the longest
scaffold to 458,331 bp (previously 398,841 bp) with only a slight increase in total assembly
size (601.5 Mb compared to 564 Mb). After running the RNA scaffolding tool BESST_RNA
on this updated assembly, the final N50 was further increased to 38,230 bp, the number
of scaffolds went down to 495,108, and the longest scaffold increased to 533,758 bp with
a new assembly size of 601.8 Mb. Half of the assembly is now made up of only 3,826
scaffolds (previously 6,810). For a direct comparison between the original and improved
Betula nana genome assemblies, these statistics are summarised in Table 3.3 and a more
extensive list of basic metrics is presented in Supplementary Table B.4.
Table 3.3: Overall comparison of a selection of metrics between the original and improved
Betula nana genome assemblies. For a more extensive list of statistics see Supplementary
Table B.4
original improved
N50 18.7 kb 38.2 kb
longest scaffold 399 Mb 534 Mb
assembly size 564 Mb 602 Mb
%N 7.75 7.97
number of scaffolds 552 k 495 k
50% assembled in ... scaffolds 6,810 3,826
Additional approaches
The methods listed in section 3.3.2 yielded the following results:
1. The de novo assembly with Canu and the 1pass80 PacBio data set as input resulted
in only 589 sequences and an assembly size of 4.5 Mb (i.e. 1% of the actual genome
size). The N50 of this assembly was 8.3 kb and the longest scaffold was 657 kb long.
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2. The hybrid assembly generated by using the de novo assembly tool from the CLC
Genomics Workbench with all the Illumina libraries as main input and the 1pass80
PacBio reads as guidance only during scaffolding had an N50 of 12.7 kb. The as-
sembly size was 386 Mb and it consisted of 57,405 scaffolds (though a lower limit of
1,000 bp was applied to the scaffold length) with the longest one being 181 kb long.
3. After three iterative runs of PBJelly with the 0pass80 PacBio data set, the N50 of
the original B. nana assembly could be increased to 23.7 kb, the longest scaffold was
then 409 kb, and the assembly size increased to 597 Mb.
4. The use of error corrected PacBio reads after running LSC on them did not improve
the results due to the already low number of reads to start with.
5. Using the L_RNA_Scaffolder with the assembled transcriptomes yielded very sim-
ilar results to using the raw RNA-seq reads with BESST_RNA (see above). The N50
could be increased to 36.6 kb and the number of scaffolds reduced to 495,940 with
the longest one being 541 kb long. Half of the assembly was then made up of 3,678
scaffolds and its size was 601.7 Mb. The assembly produced with BESST_RNA was
found to be slightly better due to a higher N50 and otherwise comparable results.
3.4.2 Quality assessment
The results from the CEGMA and BUSCO analyses differed slightly due to different ortholog-
ous gene sets being used in the assessments. The results are summarised in Tables 3.4 and
3.5, which provide a comparison between the original and improved assemblies. According
to the CEGMA results, the original version assembled slightly more of the conserved genes
(100% compared to 99.6% for the original and improved version, respectively). The BUSCO
analysis, however, shows that the improved version is more complete (79% compared to
90% for the original and improved version, respectively).
Table 3.4: CEGMA results of the original (orig) and improved (impr) B. nana assemblies.
Complete Partial
orig impr orig impr
#Prots 240 235 248 247
%Completeness 96.77 94.76 100 99.60
#Total 671 674 903 891
Average 2.8 2.87 3.64 3.61
%Ortho 88.33 88.94 95.16 95.14
The mappings of the 200 bp Illumina library back to both assembly versions differed only
slightly. In total, 97% of the reads could be mapped to the original version, of which 64.1%
were in pairs. The reads covered 87% of the assembly, 7.7% of the reads could be mapped
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Table 3.5: BUSCO results of the original and improved B. nana assemblies.
original improved
Complete Single-Copy BUSCOs 759 (79%) 866 (90%)
Complete Duplicated BUSCOs 216 (22%) 256 (26%)
Fragmented BUSCOs 66 (6.9%) 32 (3.3%)
Missing BUSCOs 131 (13%) 58 (6.0%)
Total BUSCOs 956
to more than one specific position (the vast majority of which had just one alternative), and
43.5% of the reads were not mapped perfectly to the reference, i.e. differed at at least one
base pair from the assembly. To the improved version 97.9% of the reads could be mapped,
67.8% of these in pairs. The reads covered 85% of the assembly, 14.6% of the reads could
be mapped to more than one specific position (most of them with only one alternative match
position), and 42.9% of the reads were not mapped perfectly. These results are summarised
in Table 3.6.
Table 3.6: Statistics of the read mappings of the 200 bp Illumina library to the original and
improved B. nana assemblies.
original improved
%mapped reads 97.0 97.9
%reads in pairs 64.1 67.8
%assembly covered 87.0 85.0
%non-specific matches 7.7 14.6
%non-perfect matches 43.5 42.9
avg coverage 13.1 12.5
max coverage 316,246 314,347
3.4.3 Repeat analysis
Clustering of reads with RepeatExplorer
The overall estimated repeat content of the B. nana genome identified by analysing 500,000
reads with RepeatExplorer was 41%. The three independent runs yielded 33,070, 33,389,
and 33,241 contigs, which were reduced to 1,845, 1,786, and 1,762 sequences, respectively,
after filtering them to a minimum read depth of five. Of these, around 3.8% had hits to
the P. trichocarpa chloroplast genome and were thus excluded; 30.4% could be classified
into repeat categories; and 65.8% remained unknown repeat sequences. The majority of
the classified sequences were LTR/Gypsy (68.6%) and LTR/Copia (16.3%) repeats, 9.1%
were LINE/L1, and 2.2% DNA/CMC-EnSpm elements. The remainder consisted of rRNA,
simple repeats, other DNA and LTR elements, and satellites. Three common repeat clusters
are shown in Figure 3.3. The RepeatExplorer analysis with 3.5 million reads estimated
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a genomic repeat content of 68.1%. The majority of annotated clusters fell into the LTR/-
Copia and LTR/Gypsy categories, as well as low complexity and simple repeats.
Creation of a repeat library with RepeatModeler
The custom library creation with RepeatModeler yielded 1,240 repeat sequences, of which
319 were classified (25.7%) and the remainder 921 were unknown sequences (74.3%). Of
the classified elements, most were LTR/Copia (24.8%), LTR/Gypsy (23.2%), or LINE/L1
(13.8%). The remainder were mostly of some sort of DNA class (a further 24.5%). After
filtering the CENSOR results by BLAST score, another nine sequences could be classified (six
of class LTR and three of class DNA).
Repeat masking with RepeatMasker
After combining the classified and unknown sequences from both the RepeatExplorer and
RepeatModeler analysis, 6,430 sequences were used as the custom library to RepeatMasker.
This estimated the repeat content of the improved B. nana assembly to be 35.5%, mainly
made up of unclassified repeats (21.1%), 6.5% LTRs, 3.5% LINEs, 2.6% DNA elements,
and 1.6% simple repeats. The rest consisted of SINEs, satellites, and low complexity re-
gions. The percentages refer to the overall sequence content. See Figure 3.4 and Supple-
mentary Table B.5 for detailed results.
(a) LTR/Gypsy (b) LTR/Copia (c) LINE/L1
Figure 3.3: Three common repeat clusters with their TE domain hits identified in the
RepeatExplorer analysis.
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Figure 3.4: Repeat content of the improved B. nana genome assembly as identified by
RepeatMasker.
3.5 Discussion
I have presented here a new version of the Betula nana genome assembly. This incorpor-
ates PacBio long reads and information from RNA-seq data to improve contiguity and fill
gaps in an assembly previously built using only Illumina short reads. With relatively small
investment in new data, significant improvements were achieved.
A reduction in the number of scaffolds is an improvement in itself, especially from a com-
putational point of view. Many bioinformatic tools were constructed for human or bacterial
data, which often have a low number of very long scaffolds. Some tools are therefore not
optimised for assemblies with large numbers of short scaffolds, resulting in long run times
for analyses. Generating fewer but longer scaffolds can therefore reduce run times.
It should be mentioned that the number of duplicated genes, which should only occur in
single-copy according to the BUSCO pipeline, has gone up slightly in the improved assembly
(from 22% to 26%). Given the polyploid history of most plants (’paleopolyploidy’; Bowers
et al. 2003; Blanc and Wolfe 2004) it is not surprising to find a high number of duplicated
genes in plant assemblies. In the improved B. nana assembly more of the BUSCO genes were
assembled (866 compared to 759) and when this is taken into account, the ratio of duplic-
ated genes did in fact not increase that much (216/759 = 28.5% for the original version and
256/866 = 29.6% for the improved version).
A further point is the overall assembly size. It has gone up from 564 Mb to 602 Mb. The
genome size estimated using flow cytometry is close to 450 Mb (Anamthawat-Jónsson et al.
2010; Wang et al. 2013). It may be that the improved assembly has under-assembled some
heterozygous regions of the genome, i.e. assembling different alleles as if they were duplic-
ated regions in the genome. This is particularly likely to be the case in repetitive regions.
Due to the way the methods to incorporate PacBio and RNA-seq data work, the percentage
of Ns in the improved assembly has also gone up. This could be another explanation for
the increased overall assembly size.
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Although a complete genome annotation was beyond the scope of this thesis, the analysis
of repetitive elements is an important first step towards this task (Holt and Yandell 2011).
However, to date there is no standardised method available to make direct comparisons to
other species. Hence, two different approaches were used to estimate the repeat content of
the improved B. nana genome assembly, which has also been suggested in Lerat (2010).
The difference between the two methods is that RepeatExplorer estimates the actual re-
peat content of the genome, as it is based on raw sequencing reads, whereas RepeatMasker
estimates the repetitive content that was assembled. Under ideal conditions, they should be
in agreement with each other, which would mean that the entire repetitive content of a gen-
ome was correctly assembled. However, this would require unbiased and evenly distributed
sequencing coverage of the entire genome, the possibility of analysing at least 1x coverage
of raw reads, and a perfect genome assembly. As none of this is currently the case, a repeat
analysis remains limited to a ’best guess’ approach. The results from both methods that
were used here were very close to each other, which in turn validates the estimated repeat
content of around 40%.
Research on the repeat content of closely related species found similar results. For example
40% in Populus trichocarpa (California poplar; Zhou and Xu 2009), which was estimated
using RepeatScout, which is part of the RepeatModeler pipeline and therefore directly
comparable to the results presented here. Verde et al. (2013) also used RepeatScout to
assess the repeat content of Prunus persica (peach) and found it to be 37.1%. There are,
however, some reported results that are more divergent. For example 24% in Cucumis sat-
ivus (cucumber; Huang et al. 2009b), which was assessed using a combination of different
methods (including RepeatScout), or 59% in Glycine max (soybean; Schmutz et al. 2010),
estimated using RepeatMasker.
The repeat library created here will be made publicly available and serve as another valuable
resource for future research of this species, its genus, or family.
3.6 Conclusion
I have demonstrated that the improvement of a genome assembly is possible even with low
coverage or small quantity of additional data. In the current case, the Betula nana genome
assembly, which was initially constructed using Illumina short read data alone, was updated
with the addition of 5x PacBio long read data and 49 million Illumina RNA-seq reads. In
terms of N50, this improved the assembly more than two-fold and qualitative measures,
such as the BUSCO pipeline, also show that the new assembly is an improvement over the
original one. This is also the first time that the repeat content of an individual from the




Functional characterisation of loci
introgressed from Betula nana to
Betula pubescens
4.1 Summary
Gene flow between hybridising species can have various outcomes. The majority of in-
trogressed loci are likely to be neutral, but it is possible that some may be deleterious or
beneficial for the recipient. To assess the function of loci that introgressed from one Betula
species into another, loci that were in high frequencies in 36 B. nana individuals and in
low frequencies in 130 B. pubescens individuals from across the UK were analysed. Out of
49,025 candidate loci identified in a previous analysis (see chapter 2), 378 were classified
as most introgressed, of which 52 were closely linked together on the same scaffold of the
improved B. nana genome assembly (see chapter 3). B. pubescens individuals with about
20% of these introgressed loci were exclusively located in Scotland and Northern England.
A BLAST2GO analysis and comparison to homologous regions in related species offered
insights into possible biological implications of the introgressed loci. Terms related to
growth regulation and circadian rhythm were enriched in the introgressed loci when com-
pared to homologous regions in related species. These findings will help in understanding
what defines a species and which regions of the genome are permeable for introgression.
4.2 Introduction
The initiation of a hybridisation event is often a range shift of one species into the habitat of
the other, possibly mediated through climate change or human intervention (Hoffmann and
Sgro 2011, and references therein). In the UK, this usually involves a movement towards the
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north or higher altitudes, which also seems to be the case with B. pubescens (the invading
species) and B. nana (the local species) (Wang et al. 2014b). A hybridisation event between
two or more species can have a variety of outcomes (Baack and Rieseberg 2007; Abbott
et al. 2013). Through the means of introgression and gene flow it can have a deleterious,
neutral, or beneficial effect on the species involved (Lewontin and Birch 1966). Once this
process is started, even individuals and populations away from the hybrid zone can exhibit
new characteristics due to intraspecific gene flow into the original range of that species.
However, it has been shown that the rate of intraspecific gene flow can both accelerate and
slow down the spread of introgressed alleles (Zhou et al. 2010). Another explanation for
shared alleles between congeneric species, however, is ancient admixture (VonHoldt et al.
2016). Distinguishing these two events can be quite challenging and may not always be
possible. A potential cue can come from geographical data, e.g. longitudinal or latitudinal
clines. It is expected that shared ancestral polymorphisms (incomplete lineage sorting) can
be detected in the genomes of the involved individuals throughout their ranges and that
the signal is evenly distributed. If more recent hybridisation is the underlying explanation,
there should be an increase in genetic signal towards the hybrid zone and individuals further
away from it should show fewer signs of introgression (Barton 2001).
Introgression is an important evolution mechanism, acting much faster than e.g. mutation,
drift, or selection (Anderson 1953). The direction of introgression can be informative about
the fitness of the hybrid mediating the introgression (Excoffier et al. 2009, and references
therein). It is also common that there is more introgression into the expanding than the local
species (Buggs 2007; Currat et al. 2008, and references therein), indicating the presence of
selection. The reason for this might be that introgressed alleles are already better adapted
to the given environment having been exposed to it for a long period of time (Barton 2001).
Another aspect is that young individuals of an invading species will have already undergone
selection for local adaptation to the new environment and climate. However, if hybridisation
is possible, these could be fertilised by older, less well adapted individuals of the local
species. This in turn means that the resulting new generation is less well adapted, which
slows down the response to climate change (Aitken et al. 2008, and references therein).
A study on two Betula species found that gene flow from populations with earlier bud burst
would likely be necessary for adaptation to climate change (Billington and Pelham 1991).
Others have also suggested that the timing of bud and leaf burst in B. pubescens individuals
that are growing close to B. nana populations could be influenced by gene flow between
the species (Sulkinoja and Valanne 1987; Senn et al. 1992). This can be interpreted to have
a beneficial effect by limiting the number of attacks by insect pests and also with regard
to providing less food (i.e. buds and leaves) to herbivores and thus being unfavourable for
grazing (Senn et al. 1992). On the other hand, late bud and leaf burst can be inhibiting due
to a shortened growing season (Myking 1999). Elkington (1968) showed that introgressed
B. pubescens have a lower fertility than those of B. nana and reported several other cases
of introgression between a shrub birch and a birch tree of higher ploidy level (e.g. Clausen
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1951; Froiland 1952; Natho 1959), as is the case in the present study. In a long-term
reciprocal transplantation experiment conducted by Forest Research and the Future Trees
Trust, they showed that B. pendula individuals from the north of Scotland performed worse
in all other UK transplant sites than individuals from the south (Lee et al. 2015). Thus,
it might be hypothesised that the introgressive hybridisation with B. nana or B. pubescens
might be mal-adaptive.
Historically, after the last glacial maximum all three Betula species occurring in the UK
(B. nana, B. pendula, and B. pubescens) were more widespread (Aston 1984) and already
hybridising frequently. Due to climate change the species’ ranges shifted and especially
B. nana and B. pubescens moved northward, leaving a trail of introgressed loci (Wang et
al. 2014b). This exchange of genetic material is predominantly from the diploid (B. nana
and B. pendula) into the tetraploid (B. pubescens) species (Zohren et al. 2016). As the
introgression from B. nana into B. pubescens is the more ’unusual’ one (B. pendula and
B. pubescens are thought to hybridise frequently with each other due to a great overlap
between their habitats), the analyses here are focused on the introgression from B. nana
to B. pubescens. They also differ to a greater extent with regards to their morphology and
ecology.
Here, I conduct a preliminary analysis of the possible function of loci introgressed from
B. nana into B. pubescens. This may help to estimate if the introgression has adaptive
relevance. The effect of this gene flow is being investigated with the question in mind
whether the introgressed loci are deleterious, neutral, or beneficial to B. pubescens. It will
help to understand whether hybridisation with congeneric species has negative impacts on
expanding species, or is a mechanism of rapid adaptation to new environments. It will also
show how the interactions of closely-related species can affect their evolution, and how this
is affected by global warming.
4.3 Materials and methods
4.3.1 Identification of introgressed loci
As shown in chapter 2, the direction of gene flow is predominantly from the diploid (B. nana
and B. pendula) into the tetraploid species (B. pubescens). In the present chapter, the focus
is on the introgression from the 36 B. nana into the 130 B. pubescens individuals. Major
allele frequencies estimated by Structure (see sections 2.3.6 and 2.4.4 for details) were
used to identify loci that are most introgressed. Four different allele frequency thresholds
were tested: 0.05/0.95, 0.1/0.9, 0.2./0.8, and 0.3/0.7 for B. pubescens and B. nana individu-
als, respectively. In addition to that, raw allele frequencies were used as input (i.e. not those
estimated by Structure but the immediate output from the variant calling - see sections
2.3.3 and 2.4.1) to test the robustness of this approach.
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The distribution of the PstI recognition site in relation to the GC content along the con-
catenated Betula RAD reference sequence (hereafter referred to as ’RADref’) was also
established to verify that RAD loci are truly randomly distributed throughout the genomes.
4.3.2 BLAST2GO analysis
The scaffolds from the RADref where the ’introgressed loci’ (see section 4.3.1) were loc-
ated were BLASTed against the improved B. nana genome assembly (see chapter 3). The
best-hit-scaffolds were filtered to have a similarity score of at least 30 and an E-value be-
low 1× 10−5. Then, the sequences 5,000 bp up- and downstream of the original loci’s
positions were extracted and overlapping sequences between loci merged. This was done
using the R packages CHNOSZ version 1.0.8 (Dick 2008), plyr version 1.8.4 (Wickham
2011), seqinr version 3.3-0 (Charif and Lobry 2007), and bash scripting. The extracted
sequences were further BLASTed against a non-redundant protein database (sequences from
GenPept, Swissprot, PIR, PDF, PDB, and NCBI RefSeq) using blastx (Altschul et al.
1990). The resulting BLAST hits were then analysed with BLAST2GO (Conesa et al. 2005)
to infer possible functions of the introgressed loci. This was repeated for ten random sets
of scaffolds with the same number of loci as those identified as most introgressed. Finally,
an enrichment analysis with Fisher’s Exact Test implemented in BLAST2GO was used to test
for significant Gene Ontology (GO) terms in the most introgressed compared to the random
sets of scaffolds.
4.3.3 Annotation of a subset of Betula nana scaffolds
The scaffolds that were used in the BLAST2GO analysis (see section 4.3.2) were extracted
from the improved B. nana assembly (see section 3.4.1) and annotated with MAKER (Holt
and Yandell 2011). The software is based on a combination of evidence-driven and ab
initio gene predictions. The total number of scaffolds that went into this analysis was 2,250
(there was an overlap of sequences between the introgressed and random sets of scaffolds).
MAKER was run with two different settings: (1) with the repeat masking flag turned on using
unmasked sequences and (2) with the parameter -RM_off using repeat masked sequences
(see section 3.4.3). Additional data that was fed into the MAKER pipeline to aid the genome
annotation consisted of a Hidden-Markov-Model trained with SNAP (Korf 2004) on the
output of the CEGMA analysis outlined in section 3.4.1, the assembled transcriptomes of
both the flower and leaf tissue (see sections 3.3.1 and 3.4.1 for details), EST sequences
from B. pendula retrieved from the ’1000 Plants Initiative’1,2, and for run (1), including
the repeat masking, the entire repeat library generated with RepeatModeler (see section
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MAKER. The results from the two runs were combined and duplicates removed to get a more
extensive set of annotations. This annotation file was then used to determine the percentage
of loci that fell in genic or repetitive regions. Pearson’s Chi-squared test implemented in
the R base package (R Core Team 2015) was used to assess differences between loci that
showed a lot of introgression and the random sets of loci.
4.3.4 Homologous regions in related species
As there is no complete functional annotation of Betula nana available yet (see section
4.3.3), the most introgressed scaffolds were BLASTed against the genome assemblies of ten
other species, which were amongst the top BLAST hits in the BLAST2GO analysis (see section
4.3.2 and Figure 4.4) or closely related to B. nana. I decided to include several and not just
one (e.g. the most closely related) species in this analysis to provide more confidence to the
interpretation of the results. These ten species are Cucumis sativus (cucumber, assembly
v1.0; unpublished but made available online3), Fragaria vesca (wild strawberry, assembly
v1.1; Shulaev et al. 2011), Glycine max (soybean, assembly Wm82.a2.v1; Schmutz et al.
2010), Malus domestica (apple tree, assembly v1.0; Velasco et al. 2010), Medicago trun-
catula (barrelclover, assembly Mt4.0v1; Young et al. 2011), Phaseolus vulgaris (common
bean, assembly v1.0; Schmutz et al. 2014), Populus trichocarpa (black cottonwood, as-
sembly v3.0; Tuskan et al. 2006), Prunus persica (peach, assembly v2.1; Verde et al. 2013),
Theobroma cacao (cacao tree, assembly v1.1; Motamayor et al. 2013), and Vitis vinifera
(common grape vine, assembly Genoscope.12X; Jaillon et al. 2007).
The BLAST hits were filtered to be at least 100 bp long, have a similarity score of at least
30, and an E-value below 1× 10−5. This was done using the R package CHNOSZ version
1.0.8 (Dick 2008). The filtered BLAST hits were then searched for annotations in each gen-
ome and the corresponding gene IDs were extracted. This was followed by a functional
annotation using the PhytoMine interface from the Phytozome 11.0.5 website4 (’The Plant
Genomics Resource’). This includes enrichment analyses of GO terms, protein domains,
and KEGG/PlantCyc pathways, all in relation to the functional annotation of each of the
compared species. Some of the most significant terms occurring across several or all of the
ten species were then manually analysed in more detail.
This whole analysis was repeated with an equal number of randomly selected loci and
the numbers of enriched terms were compared to the introgressed set using the Welch
Two Sample t-test implemented in the R base package (R Core Team 2015). Semantic
similarity-based scatter plots were produced using the REVIGO (’Reduce and visualise Gene
Ontology’) interface5 (Supek et al. 2011) to enable a qualitative comparison of GO terms





4. Function of introgressed loci 4.4. Results
4.4 Results
4.4.1 Identification of introgressed loci
The 49,025 biallelic loci used as the base set here are located on 15,210 scaffolds on the
Betula RAD reference. Of these, 3,593 scaffolds have just one locus located on them and
158 scaffolds have more than ten loci located on them (one scaffold has the maximum
number of 20 loci located on it). The lengths of the RADref scaffolds vary from 300 bp to
7,713 bp, with a mean length of 874 bp.
Of the 49,025 candidate loci, 378 (0.77%) were identified as ’most introgressed’, i.e.
were in high frequencies (>0.9) in B. nana individuals and in low frequencies (<0.1) in
B. pubescens individuals (hereafter referred to ’introgressed loci’). In B. pendula, the ma-
jority (97.4%) of these loci had allele frequencies closest to B. pubescens (Figure 4.1). This
is expected due to phylogenetic proximity (Wang et al. 2016). Nine (i.e. 2.4%) of the
’introgressed loci’ actually had allele frequencies similar to B. nana and might thus be an-
cestral. Only one locus had an intermediate frequency of 0.32 (highlighted by a star * in
Figure 4.1).
The 378 ’introgressed loci’ were located on 312 scaffolds on the RADref with lengths
between 341 and 7,713 bp (mean of 2,109 bp). 266 of these had just one locus located
on them, a further 43 had two to three loci, two scaffolds had five loci, and one scaffold
linked six loci together. The number of sequences of the sets of random loci ranged from
370 to 376 sequences, i.e. the randomly selected loci were not as closely linked as the
’introgressed loci’ were. In total, the ten random sets combined contained 3,646 unique
loci.
The B. pubescens individuals with the highest number of ’introgressed loci’ were located
in Scotland or the North of England (Figure 4.2), i.e. in the vicinity of current B. nana pop-
ulations. The number of loci in each B. pubescens individual ranged from 24 to 108 and
on average the individuals had 60 ’introgressed loci’. The top 50 B. pubescens individuals
shown in Figure 4.2 had at least 68 ’introgressed loci’. Repeated analyses with other para-
meter sets (allele frequencies of 0.05/0.95, 0.2/0.8, and 0.3/0.7) and different input (raw
variant calls instead of the Structure output) supported this pattern (results not shown).
The PstI recognition site was found to occur 154,298 times in the improved B. nana as-
sembly, on average 4 kbp apart, and 70,583 times in the RADref, on average 1.5 kbp apart.
The distribution of PstI recognition sites in the B. nana genome was not entirely uniform,
but correlated perfectly with the GC content along the sequence (Figure 4.3).
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Figure 4.1: Minor allele frequencies of the 378 most ’introgressed loci’ in B. nana,
B. pubescens, and B. pendula. * = the only B. pendula locus with an intermediate allele
frequency of 0.32.
(a) Distribution of introgressed loci. (b) Location of introgressed individuals.
Figure 4.2: a) The latitudinal distribution of the number of ’introgressed loci’ per individual.
Dashed line indicates cut off for top 50 individuals. b) The location of the 50 B. pubescens
individuals with the highest number (more than 68) of ’introgressed loci’ (green stars).
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Figure 4.3: Distribution of PstI recognition site and GC content (in %) along the B. nana
genome. The areas of high frequency of PstI (white bars, left axis) can be explained by
a high GC content (orange line, right axis). The B. nana scaffolds were merged into one
consecutive sequence and GC content was scaled to be comparable to PstI frequencies.
4.4.2 BLAST2GO analysis
The 312 RAD scaffolds with the ’introgressed loci’ had between one and 335 BLAST hits
on 2,970 unique scaffolds from the improved B. nana genome. After quality filtering and
selecting only the top hits, 223 unique scaffolds remained with lengths between 410 and
460,000 bp (mean of 115 kbp). After extracting the sequences 5,000 bp up- and downstream
of the original loci’s positions and merging overlapping sequences, 276 scaffolds remained
with lengths between 409 and 26,050 bp (with a mean of 10,270 bp) and a total of 2.8 Mbp
(which accounts for roughly 0.5% of the entire B. nana genome). The majority (65.0%) of
the B. nana scaffolds had just one locus located on them, a further 32.7% had up to five
loci, and one scaffold linked the maximum number of ten loci together.
The majority of hits from the BLAST analysis against the protein databases were as expec-
ted to other plant species, including Vitis vinifera, Theobroma cacao, Prunus mume, Prunus
persica, and Populus trichocarpa (Figure 4.4). The low number of hits to B. pendula can
be explained by the absence of its genome sequence in the database, but only a few EST
sequences. The most abundant GO terms with more than 500 hits across all three GO cat-
egories (’Cellular Component’ - CC, ’Biological Process’ - BP, ’Molecular Function’, MF)
were ’(integral component of) membrane’ (CC), ’nucleus’ (CC), ’DNA/ATP/metal ion/-
nucleotide/nucleic acid binding’ (BP), and ’(regulation of) transcription, DNA-templated’
(MF) (Figure 4.5). Fisher’s Exact Test of enrichment of the GO terms found in the ’intro-
gressed loci’ compared to the random sets of loci (Figure 4.5) did not yield any significant
results at False Discovery Rate (FDR) cut-offs of 0.05 or 0.1 (corrected with the Benjamini
and Hochberg method). Using a single p-value threshold of 0.05, 143 GO terms were
found to be significantly enriched in the ’introgressed loci’ compared to the random sets
(Supplementary Table B.6).
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Figure 4.4: Species distribution of top BLAST hits of the ’introgressed loci’ against the
BLAST nr database. The low number of hits to B. pendula is due to the lack of its genome
sequence in the database.
4.4.3 Annotation of a subset of Betula nana scaffolds
The MAKER analysis yielded 8,684 and 8,501 genes for the run with and without the repeat
masking, respectively. After combining these two results and extracting the annotations of
the exact positions of the set of loci, 224 (59.3%) of the ’introgressed loci’ were found to
lie in 167 genic regions on 141 scaffolds (Table 4.1). A subset of loci were located on the
same scaffold (2 to 201,649 bp apart with a mean of 26,426 bp and a median of 5,453 bp)
or in the same gene (separation of 2 to 26,324 bp, mean of 3,963 bp and median of 1,919
bp). Only 23 (6.1%) of the introgressed loci were found to be in repetitive regions, which
were located on 18 scaffolds, with some of the loci closely linked to each other (at most
37 bp apart). The repetitive regions identified in the MAKER analysis are generally shorter
than the gene spans, which is why the ’introgressed loci’ were more closely linked together
on the same scaffold in repetitive compared to genic regions. This also explains why the
proportion of linked loci was higher in genes (about 37%) than in repeats (about 22%).
Of the random sets of loci, 2,071 (56.8%) were found in 1,680 genic regions on 1,342
scaffolds. 209 (5.7%) of them were found to be in repetitive regions, which were located
on 167 scaffolds (Table 4.1). These differences between the introgressed and random loci
were not significant (for genic regions: p = 0.34; for repetitive regions: p = 0.87; based on
Pearson’s Chi-squared test).
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Figure 4.5: Most abundant GO terms and corresponding scores across all three GO cat-
egories from the BLAST2GO analysis with the ’introgressed loci’ (blue bars) and the ten
random sets (red bars) of loci. The scores of the random sets (which comprised ten times as
many scaffolds) were divided by 10 to make them comparable to those of the ’introgressed
loci’. Terms with a score below 10 are not shown.
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Table 4.1: Distribution of random and ’introgressed loci’ in genic and repetitive regions on
the improved B. nana genome assembly.
Random loci Introgressed loci
Total number 3,646 378
Genic 2,071 (56.8%) 224 (59.3%)
Repetitive 209 (5.7%) 23 (6.1%)
4.4.4 Homologous regions in related species
The number of scaffolds with BLAST hits on the ten related species ranged from 278 to 308
and 210 to 277 before and after filtering, respectively. These were associated with 1,071
(F. vesca) to 2,819 (G. max) genes. Detailed mapping results along with the number of
enriched terms across GO categories, protein domains, and KEGG pathways for the ten
species are shown in Table 4.2. The table also provides a comparison with the results from
the set of random loci. Based on one-sided Welch Two Sample t-tests, significantly more
BP GO terms were enriched in the introgressed set (p-value = 0.0005), but more CC and
MF terms in the random set (p-values of 0.009 and 0.0565, respectively).
In total, 285 unique GO terms were significantly enriched in the set of ’introgressed loci’
of birch. Most of them (171) in the BP category, 11 in CC, and 103 in MF (see Table 4.3
for the most abundant GO terms). Enrichment was found in 159 protein domains in at least
one of the ten species. Protein domains enriched in all ten species are shown in Table 4.4.
A total of 14 KEGG pathways were significantly enriched, although only in three species
(G. max, M. truncatula, and P. trichocarpa; see Table 4.5 for pathways enriched in at least
two of these species).
Enrichment of the top BP GO terms of the ’introgressed loci’ was primarily found in regu-
latory processes and those involved in transcription, whereas the random loci were enriched
in processes related to transport and cell wall organisation. There were also a lot fewer
terms in the random set enriched in all ten species (15 compared to 34) and not a single
term appeared in both of these top lists.
The top CC GO terms also differed between the two sets. Although there were more
enriched terms across most of the species in the random set (eight compared to four in at
least five species), not one overlapped between the two sets. The introgressed loci were
enriched in the nucleus and apoplast, but also membrane-bounded organelles. The random
set, however, was enriched in structural terms, such as the cell wall, membrane, and cyto-
skeleton.
The distribution of top MF GO terms was very equal between the two sets and six terms
overlapped (all of which were related to ’transmembrane transport and movement of sub-
stances’). In the introgressed set enrichment was found for regulatory and transcriptional
functions, in concordance with the BP terms (see above). The random set, however, was
lacking these terms and enriched in transmembrane and transporter activities instead.
75
4. Function of introgressed loci 4.4. Results
In semantic space, the enriched GO terms were separated between the introgressed and
random sets of loci (Figure 4.6). Only those terms occurring in all (BP & MF) or most (CC)
of the ten analysed species were compared to each other.
The numbers of top enriched protein domains were very similar between the two sets, 13 in
the introgressed and 12 in the random set. None of the terms overlapped though and there
were many differences in their function. The random set had many domains associated with
pectin, but the introgressed one with transcription and DNA/RNA binding. In particular the
’growth-regulating factor’, enriched in the introgressed set, is of interest here, as the donor
of the introgressed loci, B. nana, is a dwarf tree and considerably smaller than the recipient,
B. pubescens. Also, due to harsher conditions, an inhibited growth might be favourable for
a plant growing in higher latitudes and altitudes.
With regards to enrichment of top KEGG pathways, there were more in the introgressed
loci than the random set (six compared to four) and two overlapped (’limonene and pinene
degradation’ and ’stilbenoid, diarylheptanoid, and gingerol biosynthesis’). One pathway
that was unique to the introgressed set, however, was the ’circadian rhythm - plant’. Al-
though only identified in comparison with two species (G. max and P. trichocarpa), this
seems to be an important result given that the distribution of the recipient of this introgres-
sion, B. pubescens, is shifting northward.
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Table 4.3: GO term enrichment for ’introgressed loci’ in all (Biological Process & Molecu-
lar Function) or most (Cellular Component) of the ten related species analysed.
GO ID GO Term
Biological Process
GO:0006351 transcription, DNA-templated
GO:0006355 regulation of transcription, DNA-templated
GO:0006725 cellular aromatic compound metabolic process
GO:0009698 phenylpropanoid metabolic process
GO:0009808 lignin metabolic process
GO:0009889 regulation of biosynthetic process
GO:0009987 cellular process
GO:0010468 regulation of gene expression
GO:0010556 regulation of macromolecule biosynthetic process
GO:0016070 RNA metabolic process
GO:0018130 heterocycle biosynthetic process
GO:0019219 regulation of nucleobase-containing compound metabolic process
GO:0019222 regulation of metabolic process
GO:0019438 aromatic compound biosynthetic process
GO:0019748 secondary metabolic process
GO:0031323 regulation of cellular metabolic process
GO:0031326 regulation of cellular biosynthetic process
GO:0032774 RNA biosynthetic process
GO:0034645 cellular macromolecule biosynthetic process
GO:0034654 nucleobase-containing compound biosynthetic process
GO:0046271 phenylpropanoid catabolic process
GO:0046274 lignin catabolic process
GO:0050789 regulation of biological process
GO:0050794 regulation of cellular process
GO:0051171 regulation of nitrogen compound metabolic process
GO:0051252 regulation of RNA metabolic process
GO:0060255 regulation of macromolecule metabolic process
GO:0080090 regulation of primary metabolic process
GO:0090304 nucleic acid metabolic process
GO:0097659 nucleic acid-templated transcription
GO:1901362 organic cyclic compound biosynthetic process
GO:1903506 regulation of nucleic acid-templated transcription
GO:2000112 regulation of cellular macromolecule biosynthetic process
GO:2001141 regulation of RNA biosynthetic process
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GO:0043231 intracellular membrane-bounded organellec
Molecular Function
GO:0000975 regulatory region DNA binding
GO:0000976 transcription regulatory region sequence-specific DNA binding
GO:0001067 regulatory region nucleic acid binding
GO:0001071 nucleic acid binding transcription factor activity
GO:0003690 double-stranded DNA binding
GO:0003700 transcription factor activity, sequence-specific DNA binding
GO:0015399 primary active transmembrane transporter activityd
GO:0015405 P-P-bond-hydrolysis-driven transmembrane transporter activityd
GO:0016820
hydrolase activity, acting on acid anhydrides,
catalyzing transmembrane movement of substancesd
GO:0022804 active transmembrane transporter activityd
GO:0042626 ATPase activity, coupled to transmembrane movement of substancesd
GO:0043492 ATPase activity, coupled to movement of substancesd
GO:0043565 sequence-specific DNA binding
GO:0044212 transcription regulatory region DNA binding
GO:0046983 protein dimerization activity
GO:0052716 hydroquinone:oxygen oxidoreductase activity
GO:0097159 organic cyclic compound binding
GO:1901363 heterocyclic compound binding
GO:1990837 sequence-specific double-stranded DNA binding
a Enriched in 9/10: C. sativus, G. max, M. domestica, M. truncatula, P. persica,
P. trichocarpa, P. vulgaris, T. cacao, and V. vinifera
b Enriched in 9/10: C. sativus, F. vesca, G. max, M. truncatula, P. persica,
P. trichocarpa, P. vulgaris, T. cacao, and V. vinifera
c Enriched in 5/10: G. max, M. domestica, P. trichocarpa, P. vulgaris, and T. cacao
d Also enriched in random set of loci.
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IPR002100 Transcription factor, MADS-box
IPR002487 Transcription factor, K-box
IPR003439 ABC transporter-like
IPR004993 GH3 family





IPR022755 Zinc finger, double-stranded RNA binding
IPR027356 NPH3 domain
IPR031137 Growth-regulating factor
Table 4.5: Enriched pathways of ’introgressed loci’ across three of the ten species analysed.
KEGG ID Pathway G. max M. truncatula P. trichocarpa
ko00903 Limonene and pinene degradationa x x x
ko00561 Glycerolipid metabolism x x





ko04120 Ubiquitin mediated proteolysis x x
ko04712 Circadian rhythm - plant x x
a Also enriched in random set of loci.
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Figure 4.6: Enriched GO terms in semantic space, compared between the introgressed
(blue) and random (red) sets of loci. GO terms shown occur in all (BP & MF) or most (CC)
of the ten analysed species; in the interest of clarity not all terms are labelled.
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4.5 Discussion
4.5.1 Analysis of homologous regions
Just over half of the protein domains found to be significantly enriched across all the ten
related species analysed (Table 4.4) were related to growth and development in plants. The
AP2 (APETALA2 protein)/ERF6 domain, for example, regulates floral organ specification
and seed coat development in Arabidopsis thaliana (Bowman et al. 1989; Jofuku et al.
1994). It also mediates cold-induced transcription in A. thaliana (Fujimoto et al. 2000).
In tomatoes the AP2/ERF domain has been connected to pathogenesis-related genes (Zhou
et al. 1997). Transcription factors, such as the MADS- or keratin (K-) box, also encode
key developmental regulators of vegetative and reproductive development in plants (Becker
et al. 2000). A member of the GH3 family is the jasmonic acid-amido synthetase JAR1,
which has been linked to plant responses to stress. In Arabidopsis and rice (Oryza sativa) it
regulates pollen maturation and wound responses (Turner et al. 2002; Wakuta et al. 2011).
The Glutamine-Leucine-Glutamine (QLQ) domain is found in growth-regulating factors in
plants (Knaap et al. 2000). And unsurprisingly, the growth-regulating factor (GRF, which
also often contains WRC domains) plays a regulatory role in growth and development of
leaves and cotyledons. In A. thaliana is has also been reported to function as a transcrip-
tional repressor of osmotic stress-responsive genes (Kim et al. 2012).
Of the enriched KEGG pathways (Table 4.5), half had a connection to stress response or
disease resistance. Limonene and pinene are both terpenes, which are organic compounds
and are e.g. found in resin. They are characterised by a strong odour and aroma, are often
toxic and thus provide a protective function (Pichersky et al. 2006). For example, they have
been shown to be repellent to insects (Nerio et al. 2010) and to have the ability of summon-
ing herbivores’ predators (Pichersky et al. 2006). Stilbenoids are derivatives of stilbene and
are produced in various plants. They are secondary products of heartwood formation in
trees and can act as phytoalexins, i.e. have a function in resistance to diseases, especially
induced by nematodes (Veech 1982; Yamada and Ito 1993). Ubiquitin plays an important
role in eukaryotic cellular processes and, amongst others, is involved in differentiation and
development. It also functions as a response to stress and extracellular modulators (Belknap
and Garbarino 1996).
In addition to these stress and disease related pathways, it is interesting to see that the
circadian rhythm in plants pathway was also significantly enriched, although just in two
of the ten compared species. The northwards shift to Scotland and the effects of climate
change might indeed pose selective pressure on B. pubescens individuals for introgression
of loci that alter the circadian clock. The remaining pathways are related to components in
the plant membrane.
6ERF = ERE binding factor; ERE = ethylene-responsive element
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4.5.2 Alternative hypotheses for the genomic signal detected
The results presented in this chapter could have several underlying causes. They could be
due to (1) incomplete lineage sorting, (2) convergent evolution, (3) neutral introgression,
(4) deleterious introgression, or (5) adaptive introgression.
The nine ’introgressed loci’ that were in high frequencies in B. nana and B. pendula but
in low frequencies in B. pubescens (Figure 4.1) should have probably been excluded from
the analyses as it is possible that these introgressed from B. pendula and not B. nana into
B. pubescens. They could also entirely be due to incomplete lineage sorting (1) instead of
introgression, which has been discussed and ultimately ruled out in Wang et al. (2014b).
It is also possible that the ’introgressed loci’ are adaptive to the environment and have
thus newly evolved in the B. pubescens individuals that shifted northward, i.e. convergent
evolution (2) through mutations and natural selection. However, sequence convergence is a
rather unlikely evolutionary mechanism (Doolittle 1994).
Neutral introgression (3) is probably the most likely, especially given that the BLAST2GO
analysis (see section 4.4.2) of introgressed and random sets of loci did not yield significant
results. Neutral introgression is difficult to validate and often simply inferred as the null
hypothesis when deviations from it cannot be proven.
With the analyses conducted in this chapter, no signs for the introgression of deleterious
loci (4) could be detected. This might simply be due to having missed them, however, there
is no reason to believe that the approaches would have been biased with regard to the rel-
evance of introgressed loci. I.e. if deleterious ones were missed, likewise would have been
neutral and adaptive ones. An analysis of premature stop codons might shed light on this.
And finally, it is conceivable that the ’introgressed loci’ are adaptive to the changed envir-
onment (5) and selected for. Strong evidence for this hypothesis could not be found, but the
results from the analysis of homologous regions in related species (see above and section
4.4.4) indicate some advantages for B. pubescens originating from the introgression, e.g.
with regard to stress response, growth regulation, or disease resistance (see section 4.5.1).
4.5.3 Limitations
Gene Ontology analysis
A Gene Ontology analysis of gene lists of interest is currently de facto standard for the in-
ference of possible functions and for placing them into a biological context. Despite being
widely used, this approach has several limitations.
One of these is the large number of false negative results that are missed because of
non-existent annotations for the underlying sequences. It is possible that annotations have
simply not been added to databases yet, either because they were described long ago and
were overlooked, or because they are so new that they have not been included yet (Khatri
and Drăghici 2005). Another limitation is that the information available in the databases
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could be false or imprecise. These databases are often manually curated and are thus prone
to human error. Likewise, there is no guarantee for entries that were automatically entered
to be correct either. In cases where genes are involved in more than one process, which is
often the case, it is difficult to decide which of these functions has the highest relevance in
the current situation. Also, some biological processes receive more attention than others
because they might be easy to study or specifically relevant at a given time. Thus, there is
an imbalance of annotations (Schnoes et al. 2013), which can lead to the false identifica-
tion of significant enrichment. The existence of numerous different gene identifiers poses
yet another challenge. Thankfully, most software have tools incorporated, which convert
different names/IDs/symbols without the user even noticing, but still, there is a possibility
of incompatible identifiers or it going wrong (Huang et al. 2009a). This translation is of-
ten not one-to-one, so the initial identifier can affect the result quite dramatically and this
might again lead to having to weigh several terms with regard to their relevance. Limita-
tions regarding the assessment of statistical enrichment on the basis of p-values and False
Discovery Rate are also an issue (Huang et al. 2009a). And lastly, the study of a non-model
organism, such as B. nana, requires to rely on closely related species having annotation
entries in the queried databases.
Alternative methods, such as incorporating high-resolution transcriptomic data, are expens-
ive and time consuming. Hence, despite all these pitfalls, GO term analyses remain a
popular method for the functional characterisation of sequences of interest. The results
of the BLAST2GO analysis presented here were not significant on an FDR level, which is
why additional methods were used to analyse the set of loci. Especially the comparison to
related species added more evidence for putative functions of introgressed loci. By only
considering terms that were identified as significantly enriched in several species at once,
an additional control for false positives was included. This was on top of the correction for
multiple testing on an individual species’ level.
Sequencing biases
The choice of sequencing method that was used to generate the data for the present ana-
lysis might have introduced a bias in identifying introgressed loci. The use of reduced
representation markers (here RAD-seq) means that only a portion of the genome is se-
quenced. Although generally thought to be randomly distributed, in Escherichia coli the
restriction enzyme PstI was found to be slightly heterogeneous with a small number of
high density clusters (Churchill et al. 1990). In B. nana, however, this does not seem to
be the case (Figure 4.3). Lowry et al. (2016) argue that the density of RAD markers is
often not high enough to cover SNPs in linkage disequilibrium. It is also conceivable that
some of the neutral loci detected to have introgressed are hitch-hiked by more relevant
genes, which were simply missed by the RAD-seq. As a compromise between expensive
whole-genome sequencing and even less informative microsatellite markers, RAD-seq still
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provides a reasonable genome-wide estimate especially for non-model organisms (Arnold
et al. 2013). Another possible bias originates from Illumina sequencing, which is known
to amplify some regions more than others and is generally a source for technical errors in-
cluding adapter contamination and miscalling of bases (Kircher et al. 2011; Minoche et al.
2011). This is thought to be taken care of by strict quality filtering here.
4.5.4 Future research
As outlined above, the set of loci identified to have been introgressed is not complete.
Although this means that false negative results have been missed, there is no reason to
believe that the loci that were detected and analysed are false positives. An altogether
different set of loci that has not been looked at in this study, however, are those that did
not introgress, i.e. are distinctive of species separation. These can often provide a lot of
information about species-specific traits and about the barriers that prevent the hybridising
species to merge into one (Petit et al. 1999). The inclusion of B. pendula, which does not
show introgression from B. nana (Zohren et al. 2016), could also be insightful with regard
to the permeability of genomes (Han et al. 2015). Another aspect that might have been
missed here, are loci that spread to fixation in the introgressed species, i.e. B. pubescens.
The criteria for declaring a locus as introgressed (high allele frequency in B. nana and low
frequency in B. pubescens) excluded fixed loci, which might actually be the most adapted
ones and certainly have an informative value on their own. Further research into non-
introgressed and fixed loci, as well as including additional Betula species such as B. pendula
would thus refine the findings of the present study.
An assessment of the fitness of hybrid and introgressed individuals, e.g. through reciprocal
transplant or common garden experiments of B. pubescens and hybrid individuals would
also be very insightful. An analysis of local adaptation in B. pubescens populations, which
has recently been done on B. nana using MaxEnt modelling (Borrell et al., in review),
could provide additional information on this subject. The expansion of a species’ range, for
example, can be facilitated by local adaptation (Savolainen et al. 2013). Further improve-
ments in methodology (e.g. in identifying introgressed loci or BLAST2GO alternatives) and
genomic resources (e.g. a fully annotated B. nana genome) would also contribute greatly
to this study.
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4.6 Conclusion
The significant enrichment of protein domains related to growth and development indicates
that the loci introgressed from Betula nana into B. pubescens are located in regions import-
ant for the general survival of an organism. Likewise, a number of metabolic pathways
were found to be involved in stress response and disease resistance, which strengthens the
hypothesis that there may be selection for the introgression of specific regions of the gen-
ome. It might be the onset of selection for beneficial alleles adapted to a changing climate
and environment. More research will be necessary to confirm these findings (see section
4.5.4), but the foundations are laid out and the introgressed loci that were identified here





In this thesis I have conducted a variety of genomic analyses in order to investigate evol-
utionary processes in three British Betula species. The overarching topic was patterns of
allele sharing between them, with a focus on introgression from B. nana into B. pubescens.
In chapter 2 "Unidirectional diploid-tetraploid introgression among British birch trees with
shifting ranges shown by RAD markers" I have shown that gene flow can be detected
between the three Betula species. The introgression is unidirectional from the diploid spe-
cies (B. nana and B. pendula) into the tetraploid (B. pubescens) and displays a geographical
cline. B. pendula introgression occurs predominantly in the south and introgression from
B. nana in the north of the UK. This can be attributed to the current and historical distribu-
tions of the species, and also to climate change. On top of that, I presented new methods
for the analysis of polyploid data and compared the findings to a previous study with mi-
crosatellite markers.
Chapter 3 "Improvement of the Betula nana genome assembly with PacBio and RNA-seq
data" first and foremost provided new genomic resources, such as an improved genome
assembly of B. nana and an organism-specific repeat library. The latter also laid the basis
for a genome annotation. In addition to that, I have demonstrated a variety of methods to
incorporate limited amounts of data to an existing genome project.
In chapter 4 "Functional characterisation of loci introgressed from Betula nana to Betula
pubescens", using the newly generated resources from chapter 3, I then analysed a subset
of the introgressed loci identified in chapter 2 in greater detail. This resulted in a set of
candidate loci possibly involved in developmental processes, response to stress, and resist-
ance to disease. I also provided a collection of proposals for further research into the three
British Betula species.
On the basis of the collection of these results I now propose answers to the five questions
outlined in the introduction to this thesis (see section 1.7).
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5.2 Answered questions
5.2.1 What is the extent of allele sharing between Betula nana,
B. pendula, and B. pubescens?
All three British Betula species are known to hybridise with each other where they co-occur
and shared alleles can be detected between two of the pairs (B. nana and B. pubescens, as
well as B. pendula and B. pubescens). The habitats of the diploid species, B. nana and B.
pendula, generally do not overlap, which is why these two species are more genetically dis-
tinct. Shared alleles between both of the diploids and the tetraploid B. pubescens, however,
have been characterised in numerous studies (see examples below). The amount of shared
alleles depends a lot on environmental factors and on how large, isolated, or healthy the
populations are.
Thórsson et al. (2001) were the first ones to characterise the amount of shared genetic
content on the basis of molecular and cytogenetic evidence, including species-specific
markers. By analysing chloroplast haplotypes, Palmé et al. (2004) quantified the amount
of allele sharing between the three Betula species. They found introgression ratios (i.e.
the amount of locally shared haplotypes) to be 0.67 between B. nana and B. pubescens
and 0.79 between B. pendula and B. pubescens. In another study with polymerase chain
reaction-restriction fragment length polymorphism (PCR-RFLP) markers also from chloro-
plasts, the introgression ratio between B. nana and B. pubescens in Iceland was found to be
even higher than that, namely 0.84 (Thórsson et al. 2010). A similar study was conducted
with plastid DNA (pDNA) and amplified fragment length polymorphisms (AFLPs), which
also found low levels of genetic admixture (ratios of 0 to 0.108 based on Structure estim-
ates; Eidesen et al. 2015). An analysis of microsatellite markers revealed extensive genetic
admixture between both diploid-tetraploid species pairs (up to 40% based on Structure
estimates; Wang et al. 2014b). And finally, the most recent study on this topic (chapter 2
of this thesis) utilised variable RAD loci to address this question and found on the basis of
Structure estimates that there was little admixture in the diploid species (ratios of 0.007 to
0.064), but considerably more in tetraploid B. pubescens (ratios between 0.038 and 0.169;
Zohren et al. 2016).
5.2.2 Is there a geographical pattern in allele sharing indicative of
introgression?
After I established the extent of shared alleles between the Betula species, their geographic
distribution was investigated. It became apparent that it is not uniform, but rather changes
along a latitudinal cline. Allele sharing with B. pendula is highest in southern populations,
decreasing towards the north. For B. nana the opposite is true. The latter can be expected
as B. nana is restricted to the north of the UK. However, shared alleles are detected far
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south of its current range. This geographic pattern is indicative of introgression rather than
incomplete lineage sorting, which has also been discussed in Wang et al. (2014b). It also
suggests a northward expansion of B. pubescens while B. nana retracts.
Differences in shared chloroplast haplotypes have also been attributed to geographical
rather than interspecific variation and therefore introgression was inferred (Palmé et al.
2004). In Iceland, a longitudinal distribution of chloroplast haplotypes was observed, sep-
arating B. nana and B. pubescens in eastern and western haplotypes, respectively. The re-
lationship between genetic and geographic distance was found to be significant and both
findings are consistent with the assumed direction of colonisation in the early Holocene
(Thórsson et al. 2010). On a more global scale, a similar longitudinal cline was detected on
the basis of AFLP and pDNA markers, at least for B. nana. The incongruence of some of
the findings with the results from B. pubescens are attributed to asymmetrical hybridisation,
which is also supported by a weak significance in latitudinal cline (Eidesen et al. 2015).
5.2.3 Is the introgression between the three species directional? If so,
in which direction?
“When introgression takes place between a tetraploid and diploid population, there is a
strong tendency for gene flow to proceed in only one direction, from the diploid to the tet-
raploid. If the hybrids produced in this way, or their backcross progeny, were well adapted
to a newly available niche, such rare events could have evolutionary consequences far out
of proportion to the rarity of their occurrence.” - George Ledyard Stebbins
The direction of gene flow between Betula species has been the subject of some debate.
Stebbins (1971) predicted that introgression should be more common from a diploid into a
tetraploid species. This is due to the occurrence of unreduced gametes from diploids, lead-
ing to tetraploid hybrids, which are more likely to backcross with the tetraploid parental
species than the diploid. He also argued that triploid hybrids more often produce tetraploid
than diploid offspring.
In the study system of birches, this question has been addressed using various genetic
markers and approaches. Anamthawat-Jónsson and Tomasson (1990) performed crossing
experiments of B. nana and B. pubescens and assessed the ploidy of F1 hybrids and their
backcrosses. They found that the latter tend to resemble B. pubescens more than B. nana,
both morphologically and genetically, which indicates diploid-tetraploid introgression. On
the other hand, Thórsson et al. (2001, 2007) and Anamthawat-Jónsson and Thórsson (2003)
identified bidirectional gene flow between these two species. However, in a more recent
study twice as much admixture was found to occur into B. pubescens from B. nana than the
other way around, which was statistically significant (Eidesen et al. 2015).
Wang et al. (2014b) concluded on the basis of twelve microsatellite markers that gene
flow is bidirectional at least between B. nana and B. pubescens and B. pendula
and B. pubescens. In Zohren et al. (2016) this result was compared to a new SNP data
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set based on RAD-seq, which is also presented in chapter 2 of this thesis. It was suggested
that the introgression is in fact strictly unidirectional, only from the diploid (B. nana and
B. pendula) into the tetraploid (B. pubescens) species. The differences between these two
data sets are assumed to be due to the amount of data that was analysed, but other explana-
tions have been discussed as well (e.g. different mutation rates, linkage of the RAD loci, or
non-comparable genotyping methods; see section 2.5). I conclude that over 50,000 variable
RAD loci carry more information than twelve microsatellite markers and that the previous
findings were probably influenced by noise from the data.
5.2.4 Are introgressed loci randomly distributed across the genomes?
Or are they enriched in e.g. repetitive or genic regions?
On the basis of the genomic resources currently available for the genus Betula and B. nana
in particular, a definite answer to this question can not be given. Despite my efforts to
enrich these resources with the data and methods presented in chapters 3 and 4, a contiguous
genome assembly and complete genome annotation are still missing. These are needed to
investigate the genic and repetitive regions further and to assess whether introgressed loci
are more prevalent in one or the other. The preliminary results presented in chapter 4 did
not show an enrichment for a particular part of the genome. Due to the limited resources,
this question has not received attention in the study of birch trees before.
However, Wood et al. (2008) were also faced with limited genomic resources in the study
of the non-model marine gastropod, Littorina saxatilis. They developed a method around
using a bacterial artificial chromosome library to sequence a few sites of interest previously
identified by AFLP markers. They were thus able to detect two loci potentially under direct
selection. Rheindt et al. (2014) conducted an analysis on Zimmerius flycatchers very similar
to the one presented here. They found that introgressed SNPs were sometimes linked to
genes, but did not necessarily fall right into the genic regions. Gene flow in Heliconius
butterflies has been studied quite extensively, thus there is a wide range of genomic data
available. A genome-wide study has recently found that 32 of 41 putatively introgressed
loci were located in protein coding genes and other loci in regions upstream of biologically
relevant genes (Zhang et al. 2016).
5.2.5 What are the putative functions of these introgressed loci in the
expanding species?
Determining the function of a set of loci or sequences is a challenging task. Ideally direct
experiments like knock-outs are needed and without them it requires the use of databases
containing a collection of gene annotations or even better a fully annotated genome of the
species under investigation. As mentioned before, this is not the case for the genus Betula.
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Thus, I made use of annotations from closely related species in the hope that not only
the sequences but also their functions were conserved. By analysing ten different species,
this assumption was validated and only annotations that were present in all or most of the
species were considered. With this approach I could infer potential functions the intro-
gressed loci are involved in. These include developmental processes, growth regulation,
stress response, and disease resistance. More research and better resources will be needed
to confirm these findings.
In other tree species, a lot of work on adaptive introgression has been done in the genus
Populus, with P. trichocarpa being the first tree that had its genome sequenced (Tuskan
et al. 2006). For instance, Suarez-Gonzalez et al. (2016) identified three regions on two
different chromosome with high amounts of introgression, which might play roles in adapt-
ive traits (e.g. RNA processing, response to far red light, or ATPase activity). Introgression
of traits related to herbivore resistance have been detected in the sunflower hybrid Heli-
anthus annuus ssp. texanus based on characteristics like trichome density, ratio of carbon
to nitrogen in leaves, plant volume, and damage to leaves, stems, petioles, receptacles, and
seeds (Whitney et al. 2006). Gagnaire et al. (2009) investigated gene flow in Atlantic eels
and found evidence suggestive of non-neutral introgression correlated to different develop-
mental stages of the eels and environmental factors. An analysis on Zimmerius flycatchers
found that the introgressed SNPs identified by ABBA-BABA tests were sometimes linked
to genes with apparently biologically relevant functions. Due to the limitations of a GO
term enrichment analysis they also acknowledged that their findings did not have much
weight though (Rheindt et al. 2014). In the study by Zhang et al. (2016) on Heliconius
butterflies, introgressed loci were linked to the gene optix, which is known to be involved
in wing morphology and might thus influence mimicry between the species under invest-
igation. Additional loci were directly located inside genes coding for functions such as
collagen and cuticle matrix formation, metabolism, embryonic patterning, synapse func-
tion, and heat stress.
5.3 Open questions and future research
There are certainly many limitations when it comes to the analysis of genomes from non-
model organisms. However, as I have demonstrated here, they provide insights into natural
evolutionary processes for which model organisms might not be very suited, e.g. poly-
ploidy, introgression in wild species, and local adaptation to climate change. Such ana-
lyses also drive forward the development of new methods as resources are limited and
non-standard questions might be addressed.
The direction of gene flow in the Betula study system has been under some debate over
the last three decades. So far, three molecular studies (Wang et al. 2014b; Eidesen et al.
2015; Zohren et al. 2016) and a variety of cytogenetic analyses (Anamthawat-Jónsson and
91
5. Discussion 5.3. Open questions and future research
Tomasson 1990; Thórsson et al. 2001, 2007; Anamthawat-Jónsson and Thórsson 2003) ex-
ist with conflicting conclusions regarding the direction of gene flow between B. pubescens
and B. nana. The discrepancies between the studies are likely due to the choice and num-
ber of markers that were analysed, as well as the geographical area under investigation. It
is possible that bidirectional gene flow occurs in some populations but not in others, de-
pending on numerous environmental and genetic factors. However, the generation of more
conclusive data and further studies are required to satisfactorily resolve this question.
From personal communication I am aware of two more Betula genome sequences to be
released in the near future. A group from Finland coordinated by Jarkko Salojärvi has
sequenced the genome of B. pendula and a collaboration between scientists from China,
USA, the UK, and Taiwan coordinated by Hairong Wei has sequenced the genome of
B. platyphylla. Both of these will be very valuable additions to the genomic resource of
Betula species, which might establish this genus as an additional tree model organism, next
to the widely studied genus of Populus. The new genome sequences will allow revisit-
ing previous findings. B. pendula and B. platyphylla are assumed to be closely related, if
not even the same species (Wang et al. 2016), and might thus provide suitable reference se-
quences for the functional characterisation of putatively introgressed loci. As more data and
new methods become available, the validation, enhancement, and correction of preliminary
results should always be considered.
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B. nana  
(n = 37 + 3) 
B. pubescens 
(n = 131 + 3) 
B. pendula 
(n = 37 + 2) 
Reference sequence  
(Betula RAD loci) 
individual read mappings 
(n = 205 + 8) 
merged mapping + local realignment 
(n = 1) 
variant calling 
(low frequency) 
(n = 1) 
Identify known mutations from sample mappings 
(n = 205 + 8; v = 3.91 million) 
Sample filters: 
> 1 million reads 
< 50% missing data 
(n = 194 + 6) 
Further processing in R and 
population structure analyses 
Loci filters: 
Only SNVs 
10 < coverage < 200 
Present in > 80%  
(v = 51,237) 
Figure A.1: Flowchart outlining the RAD-seq analysis pipeline and filtering steps of the
read mapping and variant calling in chapter 2. This part of the analysis was conducted in the
CLC Genomics Workbench and the CLC Biomedical Genomics Workbench. ’n’ = number
of samples, ’v’ = number of variants, ’+3’ etc. indicates number of technical replicates.
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A. Supplementary figures
Figure A.2: Estimated genetic admixture of 200 Betula samples at 51,237 variant loci with
K = 1 to 5. STRUCTURE was run with 50,000 repeats and a 10,000 burn-in period, repeated
three times for each value of K. A) Admixture plots of all individuals at each K. Colours


















































































































































































































































Figure A.3: Pairwise FST between each Betula species pair at 49,025 biallelic variant loci.
The three different species were treated as populations. Values of the boxes are (25%
quartile, median, 75% quartile): 0.02, 0.06, and 0.17; 0.01, 0.02, and 0.06; 0.01, 0.02, and



















































































































































(a) Number of bases submitted to NCBI.
(b) Number of sequences submitted to NCBI.
Figure A.5: Increase in sequencing projects submitted to NCBI databases since 1982.










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table B.2: Parameter settings and version numbers for the CLC tools used for the RAD-seq
analysis in chapter 2. Details are given in the main text.
Map Reads to Reference
Version: CLC Genomics Grid Worker 6.5.2
Modified by: jzohren
References: RADrefSeq_conc_annot







Non-specific match handling: Ignore
Output mode: Create reads track
Create report: No
Collect un-mapped reads: No
Comments: Reads mapped: 6,856,956 of 8,389,115
Local Realignment
Version: CLC Genomics Grid Worker 6.5.2
Modified by: jzohren
Realign unaligned ends: Yes
Multi-pass realignment: 2
Guidance-variant track: Not set
Output mode: Create reads track
Output track of realigned regions: No
Low Frequency Variant Detection
Version: CLC Genomics Grid Worker 6.5.2
Modified by: jzohren
Required significance (%): 1
Ignore positions with coverage above: 100,000
Restrict calling to target regions: Not set
Ignore broken pairs: No
Ignore non-specific matches: Reads
Minimum coverage: 10
Minimum count: 2
Minimum frequency (%): 1
Base quality filter: No
128
B. Supplementary tables
Table B.2 continued from previous page
Read direction filter: No
Read position filter: No
Relative read direction filter: Yes
Significance (%): 1
Remove pyro-error variants: No
Create track: Yes
Create annotated table: No
Create report: No
Comments: Found 3,909,255 variants
Identify Known Mutations from Sample Mappings





Create individual tracks: Yes
Create overview track: Yes
Ignore broken pairs: No


























































































































































































































































































































































































































Table B.4: Statistics of the original and improved B. nana assemblies, produced by running
the ’assemblathon_stats.pl’ Perl script.
Original Improved
Number of scaffolds: 551,923 495,108
Total size of scaffolds: 564,011,865 bp 601,763,994 bp
Total scaffold length as percentage
of assumed genome size:
125.3% 133.7%
Longest scaffold: 398,841 bp 533,758 bp
Shortest scaffold: 81 bp 81 bp
Number of scaffolds >1K nt: 46,831 (8.5%) 34,052 (6.9%)
Number of scaffolds >10K nt: 12,078 (2.2%) 10,694 (2.2%)
Number of scaffolds >100K nt: 288 (0.1%) 803 (0.2%)
Number of scaffolds >1M nt: 0 (0.0%) 0 (0.0%)
Mean scaffold size: 1,022 bp 1,215 bp
Median scaffold size: 151 bp 148 bp
N50 scaffold length: 18,689 bp 38,230 bp
L50 scaffold count: 6,810 3,826
NG50 scaffold length: 27,421 bp 58,068 bp
LG50 scaffold count: 4,294 2,201
N50 scaffold - NG50 scaffold
length difference:
8,732 bp 19,838 bp
scaffold %A: 28.76% 28.74%
scaffold %C: 17.40% 17.30%
scaffold %G: 17.36% 17.27%
scaffold %T: 28.69% 28.68%
scaffold %N: 7.78% 8.01%










Average length of break (>25 Ns)
between contigs in scaffold:
471 bp 469 bp
Number of contigs: 644,695 597,257
Number of contigs in scaffolds: 122,991 126,848
Number of contigs not in scaffolds: 521,704 470,409
Total size of contigs: 520,264,029 bp 553,794,307 bp
131
B. Supplementary tables
Table B.4 continued from previous page
Original Improved
Longest contig: 92,169 bp 92,169 bp
Shortest contig: 2 bp 2 bp
Number of contigs >1K nt: 83,615 (13.0%) 81,787 (13.7%)
Number of contigs >10K nt: 9,599 (1.5%) 11,777 (2.0%)
Number of contigs >100K nt: 0 (0.0%) 0 (0.0%)
Mean contig size: 807 bp 927 bp
Median contig size: 166 bp 164 bp
N50 contig length: 5,172 bp 6,726 bp
L50 contig count: 22,393 19,754
NG50 contig length: 6,824 bp 9,280 bp
LG50 contig count: 16,478 13,161
N50 contig - NG50 contig
length difference:
1,652 bp 2,554 bp
contig %A: 31.18% 31.23%
contig %C: 18.87% 18.80%
contig %G: 18.82% 18.77%
contig %T: 31.10% 31.17%
contig %N: 0.03% 0.04%
contig %non-ACGTN: 0.00% 0.00%
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Table B.5: Detailed results of the RepeatMasker analysis of the improved B. nana genome
assembly.
number of elements length occupied (bp) % of sequence
SINEs: 1,199 182,168 0.03
ALUs 0 0 0.00
MIRs 0 0 0.00
LINEs: 53,295 21,245,156 3.53
LINE1 50,255 20,540,966 3.41
LINE2 2,067 523,183 0.09
L3/CR1 279 79,283 0.01
LTR elements: 117,023 39,007,920 6.48
ERVL 0 0 0.00
ERVL-MaLRs 0 0 0.00
ERV_classI 214 38,469 0.01
ERV_classII 0 0 0.00
DNA elements: 68,266 15,715,591 2.61
hAT-Charlie 0 0 0.00
TcMar-Tigger 0 0 0.00
Unclassified: 692,637 126,902,731 21.09
Total interspersed repeats: 203,053,566 33.74
Small RNA: 2,042 353,830 0.06
Satellites: 1,453 369,384 0.06
Simple repeats: 246,646 9,302,933 1.55
Low complexity: 45,973 2,177,571 0.36
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